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ABSTRACT AND CONCLUSIONS 


This Bulletin, supplement'ng Engineering Ex- 
periment Station Bulletin 435, is the final report of 
a research project on air distribution in an experi- 
mental room for year-round air conditioning. The 
investigation was conducted under the terms of a 
cooperative agreement between the University of 
Illinois Engineering Experiment Station and the 
American Gas Association. Engineermg data were 
obtained to aid in selecting the optimum types of 
supply outlets at floor, baseboard, ceiling, and side- 
wall locations, to give satisfactory air distribution 
for both heating and cooling in a residential room. 

From the more than 300 studies with different 
experimental arrangements, four significant groups 
of outlets emerged. The characteristics, general ap- 
plication, location, and method of sizing each of the 
four types are shown in Table A. 


Table A 
General Characteristics of Outlets 
Outlet Most 
Outlet Flow Effective Preferred Size Determined 
Group Type Pattern Application Location by 
A Ceiling and horizontal cooling not critical major application— 
high sidewall heating or cooling 


B_ Floor registers, vertical, cooling and not critical maximum acceptable 


baseboard and non- heating heating temperature 
low sidewall _—_ spreading differential 

C Floor diffusers, vertical, heating and along exposed minimum supply 
baseboard spreading cooling perimeter velocity—differs 


and low with type and 


sidewall acceptable tempera- 
ture differential 
D_ Baseboard horizontal heating only long outlet— maximum supply 
and low perimeter, velocity should 
sidewall short outlet— be less than 


not critical 300 fpm 


As noted in the table, some outlets were limited 
in application by supply velocity and by supply- 
air to room-air temperature differential. A definite 
relationship has emerged between these factors for 
each outlet within a group and a more pronounced 
relationship between groups of outlets. 

Table B gives representative data for a single 
outlet from each of the four groups, for equal 
temperature indices. The data collected during 
heating are based on a temperature variation of 
8 F at 4-in. to 60-in. with a simulated outdoor 
temperature of 0 F. During cooling, the data are 
based on a condition in which 80% of the points 
checked in the occupied zone deviated less than 1 F 
from the control temperature, with a simulated out- 
door temperature of 96 F. 

These data show that during heating larger 
temperature differentials and corresponding lower 
supply velocities can be utilized by progressing 


from Group A to Group D outlets. Consequently 
the selection of group C and D outlets is less eriti- 
cal for heating. In contrast, the data show that 
larger temperature differentials and corresponding 
lower supply velocities can be utilized during cool- 
ing by progressing from group C to group A outlets. 


Table B 
Representative Data for Four Groups of Outlets 
Temperature Minimum Velocity Indices# Air 
Group Differential! Supply 15-35 fpm, Greater than Changes 
Deg F Velocity? % 35 fpm, per 
A Ceiling, flush fpm % Hour! 
mounted, 360 deg 
diffusion ‘angle 
Heating 20 800 65 10 10.0 
Cooling 20 or greater 200-800 90-80 5-20 8.5-6.6 
High sidewall, 
two jets 
Heating 25 600 5. 25 8.5 
Cooling 20orgreater 250-600 80-65 15-35 8.5-6.6 
B Heating 85 900 80 0 6.6 
25 400 80 0 8.5 
Cooling 20 500 85 12 6.6 
15 350 80 20 8.5 
C Heating 60 900 70 0 3.6 
25 300 85 10 8.5 
Cooling 20 750 75 10 6.6 
15 500 60 10 8.5 
D Heating Greater Less than 70 9 Less than 
than 60 300 3.6 
Cooling Not acceptable 


1 Temperature Differential—The difference between supply air and room air 
temperatures. Differentials larger than the maximum shown for each group in heating 
resulted in 4-in. to 60-in. level variations greater than 8 F. 

2 Minimum Supply Velocity—These represent the minimum supply velocities for 
the corresponding temperature differentials and temperature indices. If these velocities 
were exceeded, the temperature variations in the occupied zone were reduced, the 
number of points where the room air motion was greater than 35 fpm was increased. 

3 Velocity Indices—The percentage of the points checked in the occupied zone 
where the air motion was between 15 and 35 fpm, or greater than 35 fpm. The tabulated 
rene occurred with the corresponding temperature differential and minimum supply 
velocity. 

4 Air Changes per Hour—These values of air changes per hour were necessary under 
the conditions of these studies to maintain the corresponding temperature differential. 


Although these data are within themselves com- 
parative, it should be emphasized that they repre- 
sent results obtained in an experimental room under 
fixed, steady-state conditions. As such, they do not 
represent absolute values that might be expected 
in the field, nor do they represent absolute design 
values. In fact, data obtained in the Warm Air Re- 
search Residence under field conditions indicate 
that the restrictions placed here on the outlet groups 
may be severe. 

It should be emphasized that these studies were 
concerned entirely with the air distribution within 
a room. In a practical application, the room air 
distribution must usually be compromised with 
such considerations as duct design, fan sizes, con- 
ditioner limitations, and other related problems. 

Nevertheless, a complete knowledge of the 
characteristics of the four outlet groups and the 
principles of room air distribution will aid the de- 
signer in selecting the best outlet for each appli- 
cation. 


: 


CONTENTS 


Il. INTRODUCTION 
1. Preliminary Statement 
2. Objective and Scope 
3. Acknowledgments 
4. Glossary 

Il. DESCRIPTION OF APPARATUS 
5. Experimental Room 
6. Instruments 
7. Room Air Conditioner 

Ill. EXPERIMENTAL CONDITIONS AND PROCEDURE 
8. Experimental Conditions 
9. Experimental Procedure 

IV. ANALYSIS OF ROOM AIR DISTRIBUTION 
10. Method of Presenting Data 
11. Principles of Room Air Distribution 
12. Indices of Room Air Distribution 

V. STUDIES WITH GROUP A OUTLETS 
13. General Characteristics 
14. The Drop Zone and Stagnant Layer 


OODONUOD AWWW NH S| DODD DAN GaN 


15. Effects of Flow Rate and Supply Air Velocity 23 

16. Effects of Vane Settings and Location 24 

17. Summary of Distribution with Group A Outlets 27 

VI. STUDIES WITH GROUP B OUTLETS 29 

18. General Characteristics 29 

19. Effects of Supply Velocity, Flow Rate, and Location 29 

VII. STUDIES WITH GROUP C OUTLETS 32 
20. General Characteristics 32 

21. Effects of Supply Velocity and Flow Rate 33 

22. Effects of Vane Settings 35 

23. Effects of Outlet Location 37 

24. Summary of Group C Outlets 38 

Vill. STUDIES WITH GROUP D OUTLETS 38 
25. General Characteristics 38 

IX. SPECIAL RESULTS OF SOME STUDIES 39 


26. Effects of Blanketing the Exposed Walls During Heating 39 

27. Effects of Dividing the Load Between Two Outlets 

28. Studies with the Room Divided 

29. Effects of Air Distribution on the Heating and Cooling 
Requirements 4] 


X. REFERENCES 44 


A RK 
ch Cm) 


FIGURES 


Oo 


1. View of Interior of Room 

2. Arrangement of the Outlet Ductwork 

3. 

4. Typical Example Showing Observed Data of Velocities and 


Supply Outlet Locations 


Temperatures 
Step-By-Step Procedure for Illustrating Room Air Motion 
Air Motion Characteristics of Group A Outlets 


. Relationship of Drop Zone to Loading, Flow Rate, and Supply-Air 


Velocity with Ceiling Outlets 


. Relationship of Stagnant Layer to Flow Rate with Ceiling Outlets 
. Effects of Flow Rate and Supply-Air Velocity with Group A Outlets 
. Vane Settings of High Sidewall Outlets 

. Effects of Vane Setting with Group A Outlets During Cooling 

. Effects of Vane Setting with Group A Outlets During Heating 

. Air Motion Characteristics of Group B Outlets 

. Effects of Velocity, Flow Rate, and. Location with Group B Outlets 
. Primary Air Characteristics of Group C Outlets 

. Total and Room Air Characteristics of Group C Outlets 

. Effects of Velocity and Flow Rate with Group C Outlets 

. Effects of Vane Setting with Group C Outlets 

. Effects of Location with Group C Outlets During Heating 


Air Motion Characteristics of Group D Outlets 


. Effects of Blanketing the Exposed Wall During Heating 
. Effects of Varying the Load Between Two Outlets 


TABLES 


Studies with High Sidewall Outlets 
Studies with Ceiling Outlets 
Description of Ceiling Outlets 


Comparison of Distribution from High Sidewall Outlets with Various 
Vane Settings at Location | 


Studies with Floor Registers 

Studies with Floor Diffusers 

Studies with Baseboard Outlets 

Studies with Low Sidewall Outlets 

Studies with the Room Divided 

Comparison of Heating and Cooling Load Requirements 


ee ae 


Il. INTRODUCTION 


1. Preliminary Statement 


Although engineering methods had been de- 
veloped for designing winter heating systems and, 
to a lesser degree, summer cooling systems for resi- 
dences, the combining of the heating and the cooling 
operations into a year-round air conditioning sys- 
tem presented several new and unsolved problems 
in both air flow through ducts and room air distri- 
bution.* In the year-round air conditioning of 
residences, economic reasons and simplicity of op- 
eration normally require that the same supply out- 
lets be used for both winter heating and summer 
cooling. Although the effectiveness of the air distri- 
bution is an extremely important factor in the over- 
all performance of the air conditioning system, engi- 
neering data for selecting the proper types and 
locations of supply outlets utilizing both heated 
and cooled air were not available. 

A research project on air distribution in rooms 
was initiated at the University of Illinois during 
the latter part of 1939 and continued until April 
1942. In September 1950, the project was reacti- 
vated by the University and since June 1951 has 
been jointly sponsored by the American Gas Asso- 
ciation and the Engineering Experiment Station of 
the University of Illinois. 


2. Objective and Scope 


The object of the air distribution program was 
to obtain engineering data for selecting the proper 
types and locations of supply outlets which would 
give satisfactory air distribution in residential 
rooms during all seasons of the year. 

The studies reported in this bulletin compare 
the room air distribution from several types of out- 
lets installed at various regional locations in the 
same experimental room during simulated year- 


*Parenthesized superscript numbers refer to the corresponding 
entries in References. 


round weather conditions. Additional studies com- 
pared the effects of vane settings with high sidewall 
and ceiling outlets, and the effects of partitioning 
the room. 

Studies reported in a previous bulletin’? com- 
pared the room air distribution from numerous 
classes and types of outlets installed at one regional 
location in an experimental room during simulated 
year-round weather conditions. Studies with each 
class of outlet showed the effects of flow rate and 
supply-air velocity on the air distribution. Addi- 
tional studies compared the effects of return intake 
locations, length of outlets, mounting height of out- 
lets, and several different environmental conditions. 
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4. Glossary 


For the purpose of this study, a number of 
terms are used in a restricted sense. In some cases 
the terms have been uniquely defined for this in- 
vestigation and have not as yet been universally 
adopted. 

Acceptable Velocities — Velocities of the air in 
the room which are between 15 fpm and 35 fpm. 
See indices of room air distribution. 

Air Changes per Hour — The flow rate per hour 
based on air entering the room through the outlet, 
divided by the volume of the room. 

Control Temperature — Average of the temper- 
atures at the four center anemometer positions at 
the 30-in. level when the anemometer rack is located 
in the middle of the room. 
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Diffuser, Floor — A floor outlet is referred to as 
a floor diffuser when the front vanes are deflected 
progressively from 0 deg at the center to about 
42 deg at the ends. See register, floor. 

Diffusion Angle —The angle in a horizontal 
plane which encloses the primary air pattern. 

Drop Zone — The region in which the total air 
drops into the occupied zone during cooling. 

Excess Velocities — Velocities of the air in the 
room which are greater than 35 fpm. See indices 
of room air distribution. 

Free Area—The total minimum area of the 
openings in the outlet through which air can pass. 

Flow Rate—The rate of flow of air in cfm 
based on air with a standard density of 0.075 lb 
per cu ft. 

Indices of Room Air Distribution 

1. Temperature Index —The percentage of 
the traverse points at the 4, 30, 60 and 78-in. 
levels, excluding those points within one foot 
of any wall surface, at which the temperature 
variations from the control temperature are less 
than one deg F. 

2. Temperature variation from the 4-in. to 
the 60-in. level—The difference between the 
averages of the 42 temperature readings at each 
of these levels. 

3. Temperature variation from the 4-in. to 
the 90-in. level—The difference between the 
averages of the 42 temperature readings at each 
of these levels. 

4, Velocities between 15 fpm and 35 fpm — 
The percentage of the same traverse points, used 
with the temperature index, at which the air 
motion is between 15 and 35 fpm. Air with a 
velocity less than 15 fpm is considered to be 
stagnant, whereas velocities greater than 35 
fpm are considered to be excessive. 

5. Velocities less than 15 fpm — The percent- 
age of the traverse points given above at which 
the air motion is less than 15 fpm. 

6. Velocities less than 35 fpm—The per- 
centage of the traverse points given above at 
which the air motion is less than 35 fpm. 
Isothermal Conditions — Experimental condi- 

tions under which the room air, supply air, and 
room surface temperatures are equalized. 
Isovel — The envelope of an air stream at which 
the air stream velocities are equal. 
Load ratio—The actual sensible cooling or 
heating load supplied by the supply air to main- 
tain the control temperature, divided by the dif- 
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ference between the control temperature and the 
outdoor temperature. 


“See H _ 0:24W (7. — T;) 
Load Ratio = T_T, T. — f, 
Where: H = Sensible heating or cooling load, 
Btuh 
0.24 = Specific heat of air at constant 
pressure 
W = Weight flow of supply air, lb per 
hr 
T. = Control Temperature, usually 
75 F 


T, = Corridor Temperature, F 
T; = Supply Air Temperature, F 
T, = Return air temperature, F 

Mounting Height —The distance between the 
lower edge of an outlet and the floor. 

Occupied Zone —The region within a room be- 
tween the floor and the 72-in. level. 

Outlet —See Supply Outlet. 

Overblow —A condition where the total air 
strikes a wall with considerable velocity. 

Primary Air—The air delivered to the outlet 
through the supply duct and the air in the room 
near the outlet included within a 200 fpm isovel. 

Register, Floor —A floor outlet is referred to 
as a floor register when the front vanes are vertical. 
See Diffuser, Floor. 

Return Intake—The opening through which 
air is removed from a space. 

Room Air Characteristics — The characteristics 
of the motion and temperatures of the air within 
the room, excluding the primary and total air. 

Room Air Temperature —The temperature of 
the air within the room at specific locations, usually 
specified. 

Stagnant Zone — A region within the room in 
which the air velocities are mainly below 15 fpm. 
The boundary of the zone is identified by a layer 
of air in which smoke will “hang” for some time. 

Study Designation—In the designation, the 
letter preceding the numbers refers to the environ- 
mental conditions as follows: 

H = Heating 

C = Cooling 

The first numeral or group of numerals refer 
to the outlet locations shown in Fig. 3. 

The next to last numeral refers to the nominal 
flow rate as follows: 

0=125cim 2=—310cim 4=100 cfm 

1= 230cim 3=420cfm 5 and6= 

unspecified 
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The last numeral refers to the nominal supply 
velocity as follows: 

1 = 300 fpm 3 = 600 fpm 

2=450fpm 4=900fpm 5,6,or7 = 

unspecified 


The designation allows a quick comparison of 
conditions. For example, the first three studies 
given in Table 2 are cooling studies at Location 
XXX with approximately the same flow rate but 
with different supply velocities. 


Supply Atr—The air delivered to the outlet 


through the supply duct. 


Supply Air Velocity — The flow rate divided by 
the outlet free area. 

Supply Outlet — Any opening through whieh air 
is delivered into a space. 

Temperature Differential— The difference be- 
tween the temperature of the supply ai and the 
control temperature. 

Temperature Variation—The difference between 
the temperature of air at various stations or levels 
within a space. 

Total Air—The mixture of primary air and 
room air which is under the influence of the initial 
outlet conditions. 


Fig. 1. View of Interior of Room Showing Anemometer Rack 
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‘Il, DESCRIPTION OF APPARATUS 

Much of the equipment has been described in 
detail previously, * and only a general descrip- 
tion of the apparatus follows. The experimental 
plant consisted of an insulated structure, the neces- 
sary equipment for simulating winter and summer 
exposure on the enclosed Room, instruments and 
controls for obtaining comparative data, and an air 
conditioner for the room air. 


5. Experimental Room 


A view of the interior of the Room, looking east, 
is shown in Fig. 1. The Room was 1334 ft wide and 
18 ft deep and had an 814 ft ceiling height. The 
walls were of typical frame construction with no 
~ insulation. The west wall, not shown, was a dupli- 
cate of the east wall, having one window and one 
door in the same relative locations; the south wall 
had neither doors nor windows; the north wall had 
two windows, only one of which is shown. The 
draperies shown in Fig. 1 were unchanged for the 
entire study. There was an attic space above and 
a crawl space below the Room, and entry to these 
spaces was provided by cold-storage doors. The 
attic, Room, and basement were enclosed by a 
larger insulated structure which formed corridors 
along the east, north, and west walls of the Room. 
An insulated partition containing cold-storage 
doors separated the north and west corridors; hence 
the west corridor could be isolated from the north 
and east corridors. 

Direct expansion refrigerating coils in the north 
corridor were connected to a 12-ton capacity am- 
monia refrigeration plant located on the floor below 
the Room. Independently controlled banks of elec- 
tric heaters were located in the corridors and in the 
attic space. The basement space contained both 
electric heaters and chilled-water coils. Fans in the 
basement space and in the corridors aided in mini- 
mizing temperature variations. 

By using the proper combination of cooling coils, 
electric heaters and cold-storage doors, it was pos- 
sible to simulate a large variety of winter and sum- 


mer conditions; for example, with either two or 
three “exposed walls,” with temperatures of from 
—10 F to 130 F in the corridors, and a range of 
temperatures in the basement and attic spaces. 


6. Instruments 


Approximately 70 thermocouples were located 
at various points in and on the walls, floor, and ceil- 
ing of the Room and in the corridors, attic, and 
basement spaces. Additional thermocouples were 
located in the ducts a few inches upstream from 
the supply openings and downstream from the re- 
turn intakes. All thermocouple readings were taken 
at an instrument panel located on the floor below 
the Room. The equipment at the instrument panel 
included approximately 200 switches and had two 
potentiometers. 

The device on wheels in the foreground of Fig. 1 
was a vertical rack that supported 33 identical 
heated-thermocouple anemometers, six equally 
spaced at the 4, 30, 60, 78 and 90-in. levels and 
three at the 98-in. level. These anemometers were 
so constructed that the velocity and temperature 
of the air at the anemometer could be determined. 
The rack could be moved to any desired location 
along the depth of the Room by an electrical mech- 
anism operated outside the Room. Seven positions 
were chosen for the rack, and the velocity and tem- 
perature at the 33 points at each of these rack 
positions were recorded during each study. The 
leads from these anemometers left the Room 
through the flexible cable on the right of the rack 
and connected with switches at the instrument 
panel, where the temperature and velocity readings 
were taken. 


7. Room Air Conditioner 


The air which was introduced to the Room was 
conditioned by equipment which consisted of steam 
coils for heating the air and a refrigerating unit 
utilizing chilled water coils for cooling the air. A 
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Fig. 2. Arrangement of the Outlet Ductwork 


variable speed fan, capable of delivering flow rates 
of 50 to 450 cfm, returned the room air from a 
return intake through ductwork to the conditioner. 
A calibrated nozzle in the return duct near the con- 
ditioner provided a means of determining the air 


North (exposed) wal/ 


West wa// 


Fig. 3. Supply Outlet Locations 


flow rate. After the air passed through the con- 
ditioner the fan returned the air to the Room 
through outlets at one or more locations shown im 
Fig. 3 and ductwork and an outlet arrangement 
shown in Fig. 2. 

When a floor supply outlet was connected to the 
duct system the supply air was delivered to a 14 by 
14 in. outlet box and then directed upward into an 
outlet liner by turning vanes. The liner had the 
same dimensions as the nominal size of the outlet, 
and was so located in the box that the outside edge 
of any supply outlet, regardless of its size, was 6 in. 
from the wall. The opening of the box not filled by 
the liner and ducts A and B were capped at the 
floor level and sealed. Before the supply outlet was 
put in place, the turning vanes were adjusted to 
give a uniform velocity across the face of the liner. 
The dampers in all outlets were set for straight flow 
where possible; otherwise they were removed. 

When a baseboard outlet was connected to the 
system the liner and turning vanes were removed, 
and the supply air was either delivered through 
duct A to the outlet or through duct B and a stack- 
head to the outlet. The opening of the box was 
capped and sealed. 

Duct B, with a number of sizes of stacks and 
stackheads, was used to deliver supply air to side- 
wall outlets mounted 7 ft above the floor. When 
ceiling outlets were utilized the supply air was 
introduced into a 30 by 30 by 20 in. plenum, Fig. 
2b, where it was supplied to the outlet through a 
section of duct equal in size to the outlet neck 
dimensions. 


lil. EXPERIMENTAL CONDITIONS AND PROCEDURES 


| 8. Experimental Conditions 


A. General Conditions 

In general, two basic environmental conditions 
were maintained; namely, summer and winter. For 
each of these environments, the following general 
conditions were maintained: 


Control Temperature 
(Average of the temperatures at the four 
center anemometer positions at the 30-in. 
level when the anemometer rack was 
located in the middle of the room) 


Basement Air Temperature.................. oye 
West Corridor Air Temperature............. 75 F 
West and South Walls............. “Tnside Walls” 
North and East Walls........... “Exposed Walls” 
(COIs eee nee ara insulated with 4-in. mineral 

wool batts 
PURO RO PACE sch ceercs = 2 aye ausainverauere o's “Vented Attic” 
Windows and Door...No storm sash or storm door 
Return Intake Location...... Baseboard, center of 


west wall, one intake 28 by 5 in. (Location I, 
Fig. 3). 


B. Summer Cooling Conditions 

Although the walls of the Room are referred to 
as north, south, east and west walls, four different 
orientations of the walls and Room were assumed 
in determining a representative cooling load. As- 
suming the Room to be a part of a residence at 40° 
north latitude with an outdoor design temperature 
of 95 F, a representative cooling load for the four 
orientations was calculated to be approximately 
5000 Btuh.® 

During cooling, usual temperature differentials 
between the supply air and room air were estab- 
lished at 10, 15, and 20 F. These temperature 
differentials required specific air-flow rates to 
satisfy the calculated cooling load, and these com- 
binations resulted in the selection of the following 
summer cooling conditions: 


Goolinetoadinime ae eae. eee about 5000 Btuh 
Supply Air Tempera- 
ULE or curren 65F; 60F; 55F 


corresponding to: 
temperature dif- 
ferentials of. 10F; 15F; 20F 
air-flow rates of. .420 cfm; 310 cfm; 230 cfm 


Attic Air Vemperature:..cra.-a.... 9. 120 to 1380 F 
North and East Corridor Air Temperature... .ad- 


justed to give the desired temperature dif- 
ferential with the corresponding air-flow rates 
given above. In general, a 20 F differential pre- 
sented the greatest problem in air distribution, 
therefore, to compare the effects of various out- 
let locations, studies were usually conducted 
with this differential. 


C. Winter Heating Conditions 

During heating studies, with a corridor tem- 
perature of about 0 F a heating load of about 8100 
Btuh was observed. This load represented about a 
2 to 3 mph outdoor wind condition. The combina- 
tions of this load and an air-flow rate previously 
selected for cooling resulted in a specifie supply-air 
temperature. In addition to the flow rates chosen 
for cooling, one lower flow rate which is representa- 
tive of winter heating practice was considered. 
These combinations resulted in the selection of 
the following winter heating conditions: 


IBKoa TIE AVOEYlE 3 00 ato oan oo about 8,100 Btuh 
Supply-air 


Temperature...983F 99F 108F 135F 
corresponding to 

air-flow rates in 

CII Ota era eric 420 310 230 120 
representing air 

changes per hour 

lies Ceren See ie 12 8.8 6.6 3.6 
Attic Air Temperature........5...: 30 to 40 F 
North and East Corridor 

AUT VeMPCRapuT staat mek felseae © about 0 F 
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In general, a low flow rate or high supply-air 
temperature presented the greatest problem in 
air distribution; therefore, to compare the ef- 
fects of various outlet locations, studies were 
usually conducted with a flow rate of 125 cfm. 


9. Experimental Procedure 


A selection of the preceding conditions defined 
the environment in which an outlet was to be 
studied, and the class, type, size, and location of 
the outlet as shown in Fig. 3, completed the selec- 
tion of the variables. Outlets are usually classified 
with respect to their general mounting position, 
such as floor, baseboard, side-wall, ete. Each class 
may contain several types of outlets, such as those 
with straight vanes, deflecting vanes, multiple de- 
flecting vanes, ete. Outlet sizes were normally 
selected to maintain supply-air velocities of 300 
fpm, 450 fpm, 600 fpm, or 900 fpm. 

When the complete set of conditions had been 
selected they were imposed on the Room and ad- 
justments made until the desired steady state was 


obtained. With the anemometer rack located at th 
center of the Room the temperature emf and ye 
locity emf at each of the 33 stations on th 
anemometer rack were read on the electronic poten 
tiometer at the instrument panel, and the tempera 
tures and velocities obtained from calibration 
tables. Similar traverses were then made at six 
other rack locations across the Room. Finally, th 
rack was again moved, by means of externally con- 
trolled equipment, to the center position and 
check was made to insure that conditions had not 
changed during the four-hour period required to 
make the traverses. Numerous other temperatures 
in the Room, basement space, corridors, etc., were 
recorded before and after the traverses. 

The investigators then entered the Room with 
smoke apparatus and a commercial anemometer 
(Anemotherm) of the hot-wire type. Smoke was 
used to determine the direction of the motion of the 
air masses in the Room. The commercial anemome- 
ter measured the air velocity at numerous points 
in the occupied zone, as well as determined the jet 
characteristics of the supply outlet. 


IV. ANALYSIS OF ROOM AIR DISTRIBUTION 


10. Method of Presenting Data 


The principal data from these studies consisted 
of the temperatures and velocities at 231 points 
in the Room as obtained by the traverses with the 
33 anemometers. Partial data for one of the ar- 
rangements is shown in Fig. 4. In each diagram, 
the intersections of the grid lines represent points 
at which velocity and temperature measurements 
were made, the arrows designate the direction of 
the room air motion, the circles with a dot show 
room air moving toward the observer, and the 
circles with a cross represent room air moving 
away from the observer. In the 4-in. level plan the 
magnitude of the air motion at each grid intersec- 
tion is given by the lower left-hand number, and 
the temperature variation from the control tem- 
perature is given by the upper number. For ex- 
ample, at the 4-in. level at F-6, the temperature is 
3.5 F below the control temperature and the 
velocity is 86 fpm. The positions of the return 
intake, which was used in these studies, and that 
of the supply outlet are also shown. 

The elevation Section 4-4 of Fig. 4 represents 
one of the seven positions (sections 1 through 7) 
of the anemometer rack. The elevation Section A-A 
represents a vertical plane 7 in. from the north wall. 
Planes at various distances from the north wall 
would be shown by Sections B through F. A com- 
plete set of data would contain five diagrams of 
the 4, 30, 60, 78, and 90-in. levels; six vertical 
sections, A through F; and seven vertical sections, 
1 through 7. 

The heavy solid lines emanating from the sup- 
ply outlet shown in Sections 4-4 and A-A represent 
the envelope of constant supply-air velocity or an 
isovel and define the characteristics of the outlet. 

It is apparent that such a complete set of data 
concerning jet characteristics and room air veloci- 
ties and temperatures would provide information 
which uniquely defines the air distribution char- 
acteristics under a specific outlet arrangement and 
condition of operation. 
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Fig. : Typical Example Showing Observed Data 
of Velocities and Temperatures 
11. Principles of Room Air Distribution 


From representation of the data as shown in 
Fig. 4, certain principles of room air distribution 
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Exposed wall: Inside wall- Exposed wall- 
(Group B outlet) 
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Total air 


1a 


Step 3 
Stegnant Jayer 


Stagnant 


Step 4 
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Fig. 5. Step-By-Step Procedure for Illustrating Room Air Motion 
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were observed in the nearly 300 different experi- 
mental arrangements. An intimate knowledge of 
these principles is important for the following 
applications: 
A. Proper selection and application of supply 
outlets and return intakes 
B. Selection of pertinent indices of air distri- 
bution 
. Simple correction of some trouble spots in 
existing systems 
. Comparison of air distribution from numer- 
ous field studies 
. Evaluation of other factors such as loading 
and blower operation, which might affect the 
air distribution 
F. Evaluation of special distribution devices 
prior to installation 
G. Design of supply outlets 
These principles are best shown by considering 
the step-by-step procedure given in Fig. 5 for illus- 
trating the room air motion. 


ae) 


& 


Step 1. Show the Primary Air 

, Cooling or Heating. Data concerning the pri- 
mary air characteristics of each outlet might be 
supplied by the outlet manufacturers. These char- 
acteristics can be obtained under isothermal con- 
ditions and will apply equally well for heating and 
cooling, provided that the minimum velocity of the 
envelope is not less than 150 fpm. Complete pri- 
mary air characteristics would include: 

a. Number and angle of discharge of jets. 
(Can be shown by isovels) 

b. Relationship of maximum jet velocities 
to distance from outlet. (For any type of outlet 
a single dimensionless plot”) can be shown 
which correlates the jet velocity and distance 
from the outlet with the flow rate and size of 
the outlet or supply-air velocity.) 

Although additional factors such as pressure 
loss are needed in the design of the duct sys- 
tem, from data given under a., the outlet can 
be classified in one of four groups which results 
in room air motion which is characteristic of 
the group. Each group will be treated indi- 
vidually in the following sections. From data 
given under b., the spread and length of travel 
of the jet air can be determined for each 
application. 


Step 2. Show the Total Avr 


Cooling. The position of the drop zone depends 
mainly on the outlet group as obtained from the 


primary air characteristics and to a lesser degree 
on the supply-air velocity and the flow rate. (See 
the following sections) 

Heating. The total air can be shown to “scrub” 
the nearby room surfaces in a manner which is 
related to the primary air. 

(The total air is defined as the mixture of 
primary air and room air which is under the 
influence of the initial outlet conditions. Nor- 
mally, the total air region is one of high air 
motion, not exceeding 150 fpm but with no 
sharply defined lower limit.) 


In the case of the total air, no simple analytical 
relationship exists between the outlet conditions 
and the spread and length of travel of the total air. 
Although the spread of the total air is related to 
the spread of the primary air, other factors such 
as ceiling height and position of walls or obstruc- 
tions also have a significant effect. In addition, 
although the length of travel of the jet air may be 
increased, the travel of the total air may not in- 
crease correspondingly. In fact, it appears that the 
length of travel of the total air is somewhat 
dependent on the temperature difference between 
the total air and the room air or the buoyancy 
effect of the total air. Consequently, the location 
and type of outlet increase the travel of the total 
air when, during heating, cool air is induced and 
mixed rapidly with the primary air, and, during 
cooling, when warm air is induced and mixed 
rapidly with the primary air. 

The importance of the total air can be seen 
by considermmg a case in which the spread and 
travel of the total air are so great that nearly all 
of the ceiling and walls would be “scrubbed.” In 
such a case, the occupied zone would be enclosed 
in an envelope of cool or warm air and near ideal 
conditions of comfort would be maintained. More 
information is needed on the characteristics of the 
total air. 

Step 3. Show the Stagnant Layer 

Cooling. A stagnant layer occurs above the ter- 
minal point of the total air, and a stagnant zone 
lies between the stagnant layer and the ceiling. 

Heating. A stagnant layer occurs below the 
terminal point of the total air, and a stagnant zone 
lies between the stagnant layer and the floor. 

(The boundary of the stagnant zone is iden- 
tified by a layer of air in which smoke will 
“hang” for some time. Within the stagnant zone 
the air temperatures and air motion, usually 
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less than 15 fpm, are largely a result of natural 
convection currents. However, within the zone 
some localized spots may exist, such as those 
created by infiltration air, where the velocity is 
greater than 15 fpm. The position of the stag- 
nant layer is not dependent on the outlet alone. 
However, these studies have shown that each of 
four groups of outlets produce a stagnant layer 
which is a characteristic of that group.) 


Step 4. Show the Natural Convection Currents 

Cooling. The natural currents move up the 
warm exposed walls and across the ceiling toward 
the cool inside walls. 

Heating. The natural currents move down the 
cool exposed walls and across the floor toward the 
warm inside walls. 

(It is true that the outlets can be so located 
that the primary and total air can oppose or 
even counteract the natural currents near the 
outlet. However, taking the room as a whole, 
the direction of the natural currents will tend to 
persist at any distance away from the outlet.) 


Step 5. Show the Return Air 

The return intake affects only the air within its 
immediate vicinity. In fact, the room air motion 
would be essentially the same if the intake were 
omitted. The same quantity of air supplied to the 
outlets must be returned to the conditioner. 


Step 6. Show the Room Air 

The diagrams of the air motion within the 
room are completed by returning the remaining 
room air to the primary and total air streams. 

(The greatest air motion in the room occurs 
in and near the primary and total air; thus 
during heating the high velocity air is accom- 
panied by high temperatures, and during cooling 
the high velocity air is accompanied by tem- 
perature depressions.) 

Although during these studies a stagnant layer 
did exist, in a residence a layer may occur only 
during severe loading conditions. Nevertheless, the 
concept of a stagnant layer and an accompanying 
stagnant zone provides a convenient means of 
anticipating the air distribution and thus selecting 
the proper outlet. The important relationships be- 
tween the stagnant layer, stagnant zone, natural 
currents, and the general room air were as follows: 

a. During cooling the natural currents carry 
warm air into the stagnant zone resulting in 


stratification of high temperature air above the 
stagnant layer. The major cooling occurs below 
the layer. Therefore, when only a small stag- 
nant zone is formed, the temperatures in most 


of the room will be very uniform. On the other 


hand, when the stagnant zone is large, a large 
temperature variation can occur across the stag- 
nant layer. 

b. The natural currents carry cool air mnto 
the stagnant zone during heating resulting in 
stratification of low temperature air below the 
stagnant layer. Only the room air above the 
stagnant layer is of uniform temperature al- 
though it may be of a higher temperature than 
desired. Thus relatively large temperature vari- 
ations might occur between the air above and 
the air below the stagnant layer, becoming 
greater with an increase in the size of the stag- 
nant zone. 

c. Some factors which affect the size of the 
stagnant zone, and which will be discussed later, 
are listed below: 

1) Type of outlet and location 

2) Flow rate and supply-air temperature 

and velocity 

3) Magnitude and type of load 

4) Methods of operation 


12. Indices of Room Air Distribution 


The final evaluation of the air distribution in a 
room is measured by the comfort reactions of the 
occupant. A complete analysis of room air distribu- 
tion must relate environmental data to physiologi- 
cal comfort. For example, comfort depends on air 
temperature, air movement, relative humidity, 
radiation effects from wall surfaces, and noise. 
Since it was difficult to obtain a simple criterion of 
comfort that would take into account all of these 
factors, the decision was made to evaluate the 
following two variables, commonly accepted‘* ® as 
desirable conditions of comfort: 

1. Temperature variations within the space, 
vertically, horizontally, or both, should be 
small. 

2. Air motion should be from 20 to 50 fpm in 
the occupied zone. (A more critical upper 
limit of velocity was used in the analyses of 
these studies.) 

Although as previously discussed, the laborious and 
space consuming methods of representing the data 
defined the air distribution for each study, the 
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“method was not suitable for showing comparative 
performances. Therefore, simpler indices were de- 
vised which were based on the preceding principles. 


A. Temperature Indices 

1. Temperature Index — The percentage of the 
traverse points at the 4, 30, 60, and 78-in. levels, 
excluding those points within one ft of any wall 
surface, at which the variations from the control 
temperature were less than one F. A low index 
value usually accompanied room air temperature 
stratification. For example, during heating, only 
the air at the 30-in. level satisfied the index be- 
cause of stratification, and the index value nor- 
_ mally was about 25%. 
| 2. Temperature variation from the 4-in. to the 
60-in. level — The difference between the averages 
of the 42 temperature readings at each of these 
levels. Durmg winter heating the horizontal tem- 
perature variations were normally less than the 
vertical variations. The greatest stratification of 
room air occurred between these two levels. 

3. Temperature variation from the 4-in. to the 
90-in. level — The difference between the averages 
of the 42 temperature readings at each of these 
levels. This index was significant when the air 
stratified during summer cooling or was introduced 
at high levels during heating. 


B. Velocity Indices 

1. Velocities between 15 fpm and 35 fpm — The 
percentage of the same traverse points used with 
the temperature index at which the air motion was 
between 15 and 35 fpm. Air with a velocity less 
than 15 fpm was considered to be stagnant, while 
velocities greater than 35 fpm were considered to 
be excessive. A range of velocities of 15 to 35 fpm 
was exceedingly small, but it did permit critical 
comparison of the data. 

The upper limit of 35 fpm might be considered 
as unduly restrictive and far below currently ac- 
cepted values conducive to comfort. However, com- 
fort standards will always move in the direction 
of greater restriction, and the upper limit of ac- 
ceptable air velocity will probably never be lower 
than 35 fpm, even with advances in the art of air 
distribution. 

2. Velocities less than 15 fpm— the percentage 
of the traverse points given above at which the air 
motion was less than 15 fpm. 

3. Velocities less than 35 fpm—the percentage 
of the traverse points given above at which the air 


motion was less than 35 fpm. This index was less 
critical than that based on velocities between 15 
fpm and 35 fpm, and assumes that stagnant air 
conditions would not be as objectionable as exces- 
sive velocities. 

A tabulation of the indices obtained during 
these studies is given in the following tables. Each 
table is for studies with a single class of outlet, and 
contains data which define the conditions of each 
study. 

While interpreting these data, it must be borne 
in mind that the imposed conditions and the values 
of the indices were peculiar to this experimental 
setup. For example, a flow rate of 230 cfm was 
chosen to give a 20 F differential between the 
control and supply-air temperatures with the se- 
lected cooling load. However, with another structure 
or cooling load, a different flow rate would be 
required to accompany a 20 F differential. Yet the 
trends shown from these studies were significant 
because sufficient data were obtained to isolate 
numerous variables. In fact, it was observed that 
trends related to flow rate might more significantly 
be attributed to supply-air temperature, air 
changes per hour, and temperature differentials. 
For example, an interpretation of the 230 cfm data 
might more generally refer to 6.6 air changes per 
hour, a supply-air temperature of 108 F during 
heating, and a 20 F differential during cooling. 

Unfortunately it was impossible to devise a 
single index which would compare all studies for 
both heating and cooling. A qualitative analysis of 
air distribution reported previously‘?) showed that 
under certain circumstances one or more of the 
preceding indices are important in analyzing the 
distribution. 

Several indices were also important because the 
four groups of outlets produced different air motion 
characteristics during cooling as shown in Figs. 6, 
13, 16, and 20. These characteristics showed that 
outlets mounted in or near the ceiling with a 
horizontal discharge (Group A) would have negli- 
gible temperature variations based on the averages 
of the temperatures at each level. However, they 
also showed that the excess velocities (greater than 
35 fpm) might be important, particularly where the 
air drops into the occupied zone. Since this high 
velocity air is also cool air, the degree of coolness 
is important and is shown by the percentage of 
traverse points where the temperature variation is 
within one degree of the control temperature. 
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During cooling with outlets mounted in or near 
the floor with vertical spreading jets (Group C), 
it was shown that stratification would occur and 
thus the average temperatures at each level would 
again be meaningful. In the case of a three degree 
or more variation between the 4-in. and 60-in. 
levels, the temperature index percent might be 
between 25 and 50. Yet such air distribution might 
be considered better than that of a Group A outlet 
with an 80 percent temperature index if a more 
favorable velocity distribution were maintained in 
regard to magnitudes and location. 

During heating with all outlets it was found 
that the 4-in. to 60-in. level temperature variation 
most nearly approached a singular index. In gen- 
eral, when these variations were low the velocity 
characteristics and other aspects were also good. 
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These examples emphasize that an interpreta- 
tion of the indices is very closely related to the 
air motion characteristics of the study being con- 
sidered. Consequently, an index which shows the 
effects between outlets within a given group may 
not be applicable for another group. Comparison 
between several groups of outlets must then be 
made between several different indices. 

Although certain index values are referred to 
as acceptable or nonacceptable the values are used 
only in a comparative sense. No attempt has been 
made in the Bulletin to quantitatively relate the 
physical indices to physiological responses. These 
relationships, such as the acceptable limit of tem- 
perature variation during cooling, must be resolved 
by physiological studies and field experiences. 
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Fig. 6. Air Motion Characteristics of Group A Outlets 


V. STUDIES WITH GROUP A OUTLETS 


13. General Characteristics 


Group A consisted of outlets which were 
mounted in or near the ceiling and discharged the 
supply air horizontally. Two classes of outlets in 
this group, high sidewall and ceiling were studied. 
A summary of the results are given in Tables 1 
and 2. 

In Fig. 6, the air motion characteristics for high 
sidewall outlets are shown by data from an outlet 
with vanes deflected 22° to the right and left of 
the center (setting K, Fig. 10), and the character- 
istics for ceiling outlets are shown by data from 
a circular projecting ring type outlet with a diffu- 
sion angle of 360° (setting C-1, Table 3). Although 
these characteristics are shown for specific vane 
settings, they are representative of any type outlet 
mounted in or near the ceiling. 

' The primary air is shown by a profile and an 
outline of air within an envelope of constant 
velocity (isovel). They show the two-jet pattern 
of the primary air from the high sidewall outlet 
and the 360° angle of diffusion of the ceiling outlet. 
In both cases the primary air was discharged hori- 
zontally near the ceiling. Although other vane set- 
tings might yield one, two, or three jets or a smaller 
diffusion angle, the general effect on the air motion 
would be as shown. The quantitative effects of 
vane setting on the air distribution will be dis- 
cussed later. 

Very complete methods of analytically relating 
the primary air characteristics to the outlet area 
and flow rate are given in Chapter 31 of the 
Guide“ and the many studies on ventilating jets 
reported by Case Institute of Technology. In a pre- 
vious University of Illinois bulletin® it was shown 
that these primary air characteristics, obtained 
isothermally, applied equally well for heating and 
cooling within an envelope of 150 fpm. 

The total air is shown by the cross-hatched 
portions of Fig. 6 and represents the mixture of 
supply air and room air still under the influence 
of the outlet conditions. Although the velocities of 


the total air are relatively high and have no 
sharply defined lower limit, the total air is shown 
within an envelope of air velocities of 35 fpm. 
During cooling the total air dropped into the oc- 
cupied zone near the wall at which the primary 
air was directed, while during heating the total 
air “scrubbed” the ceiling and descended down the 
far wall or walls. Practically no stagnant zone oc- 
curred during cooling; whereas, during heating a 
stagnant layer was formed over the whole room at 
a certain level and resulted in a large stagnant zone. 

As previously discussed, air temperatures and 
air motion would be uniform in the regions in 
which the air returns to the primary and total air. 
Therefore, during cooling, Group A outlets pro- 
duced small temperature variations and relatively 
high air motion, although not necessarily excessive. 
However, during heating vertical temperature vari- 
ations were large and the room air motion in the 
occupied zone was low. 


14. The Drop Zone and Stagnant Layer 


Although the primary air characteristics are 
subject to relatively simple analytical relationships, 
the behavior of the total air and its effect on the 
air distribution are related to the room configura- 
tion, loading, type and location of outlet, and 
supply temperatures in a complex manner. Two 
factors, the drop zone and stagnant layer, have 
appeared to significantly affect the distribution. 
Because they are more prominent with ceiling out- 
lets, investigation of these data indicates certain 
relationships between the total air and the differ- 
ent variables. For example, the diagrams in Fig. 
6 show that during cooling with ceiling outlets the 
total air which was opposed by the natural cur- 
rents rising along the exposed wall dropped before 
reaching the wall. During heating the reverse ef- 
fect prevailed, and more total air reached the cold 
exposed wall than reached the inside wall. These 
data emphasize the strong influence of the natural 
currents on the total air. 
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Table 1 
Studies With High Sidewall Outlets 
Study Outlet Vane Setting Pressure Control Supply Supply Flow Load Temperature Indices Velocity Indices 
Designa- Size, Front Rear at Temp, Air Air Rate, Ratio, Temp. Variation Temp. 15to35 Less 
tion Inches Station F Temp, Velocity, efm Btu 4-in. to 4-in.to Index, fpm, than 
(See 3 12 fpm (hr) (F) 60-in. 90-in. % % 15 fpm, 
Glossary) Levels, Levels, % 
Deg F Deg F 
() (2) (3) (8a) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
C112 14x8 A ND* 74 55 565 218 100 0.4 2.0 94 55 3 
© 112 14x8 B ND 75 55 500 220 94 0.5 —0.1 90 58 0 
C112 14x8 D Up 28° 76 56 708 224 98 0.2 0.7 96 68 0 
C112 14x8 F ND 75 57 576 218 96 0.1 —0.2 99 61 0 
C 126 14x8 A ND 76 60 782 304 109 0.3 1.0 96 52 0 
C 126 14x8 B ND 75 60 695 306 99 0.3 —0.4 95 50 0 
C 126 14x 8 Cc Up 19° v6) 60 663 304 97 0.1 —0.3 99 34 1 
C 152 14x8 K ND 78 59 515 247 107 0.0 1-5 95 70 0 
C 162 14x 10 FO 80 65 374 364 181 —0.2 —0.3 69 65 0 ‘ 
C 163 14x64 FO 80 65 573 362 239 0.0 —0.8 78 55 0 
H101 14x8 Cc o° 75 143 266 122 135 14.5 34.2 25) 38 62 
H112 14x8 Cc o° 75 109 480 220 117 15.5 20.9 25 52 46 
H112 14x8 iy ND i 104 585 221 115 15.3 19.8 26 58 40 
H 126 14x8 Cc o° 76 95 654 300 100 10.6 12.8 25 50 28 
152 14x8 K ND 75 102 521 250 107 13.4 16.0 25 59 38 - 
H 153 14x8 E Down 10° 75 97 565 260 102 13.6 14.4 26 53 35 
C 213 14x6 al (iy 027 76 56 672 220 88 0.0 1.4 89 63 0 
C 213 14x 6 K 0° .027 76 57 640 220 88 0.2 2.0 85 76 0 
C 213 14x6 Kk Up 20° 047 76 56 640 219 92 0.6 0.3 94 72 9 
C 213 14x 6 oO 0° .025 76 58 568 218 87 0.5 3.4 53 70 1 
H 213 14x6 J o° .035 75 110 635 218 123 14.0 15.7 25 53 41 
H 213 14x6 K o° .033 74 109 640 220 122 13.6 15.6 25 50 33 
H 213 14x6 oO 0° 031 75 103 639 218 114 7.6 9.7 18 66 24 
C 313 14x6 K Up 20° 039 76 57 635 218 102 0.2 0.2 99 62 0 
H313 14x6 K o° 044 75 112 650 223 137 15.1 17.8 23 46 42 
C 913 14x6 K a° .027 75 57 638 219 93 0.1 134 85 80 0 
H913 14x 6 K o° .037 75 110 645 221 124 14.3 16.9 25 66 31 
C9-113 10x4 K 0° -056 76 (IX) 60 837 214 121 —0.3 0.5 95 77 0 
044 (XI) 58 707 
H9-1113 10x4 K 0° .065 75 (1X)109 765 220 128 14.8 7e5 24 53 31 
076 (XT)114 826 
* No Damper. 
Table 2 
Studies With Ceiling Outlets 
Study Outlet Vane Pressure Control Supply Supply Flow Load Temperature Indices Velocity Indices 
Designa- Size,* Setting at Temp, Air Air Rate, Ratio, Temp. Variation Temp. 15t035 Less 
tion Inches Station Pr Temp, Velocity, cfm Btu 4-in. to 4-in.to Index, fpm, than 
(See 4 F fpm (hr) (F) 60-in, 90-in. % % 15 fpm, 
Glossary) Levels, Levels, % 
Deg Deg F 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1) (12) (13) (14) 
C 3012 10 C-1 .000 76 57 494 222 86 0.0 0.9 98 87 0 
C 3013 8 C-1 .003 77 57 714 222 90 0.3 0.9 90 79 0 
C 3017 6 C-1 -025 LiL 56 1340 220 90 0.4 0.8 91 83 0 
C 3026 10 C-1 .000 75 62 678 304 92 0.3 0.5 96 74 0 
C 3034 10 C-1 .000 75 65 906 406 88 —0.1 0.0 96 53 0 
C 3013 8 C-2 .031 77 57 916 216 88 0.3 2.9 87 81 0 
C 3024 8 C-2 .050 76 61 1281 302 93 OsL 0.3 97 53 0 
C 3017 8 C-3-R 76 58 1110 219 92 0.3 0.7 96 81 2 
C 3024 8 C-3 024 76 61 1275 299 94 0.2 0.6 80 64 0 
C 3024 8 C-3-45 .052 75 61 859 299 84 0.9 2.3 AT 73 0 
C 3024 8 C-3-V .073 76 63 1288 301 83 1.3 3.5 45 78 3 
C 3024 12x5 C-4 74 61 983 302 87 0.3 0.8 95 74 0 
C 3024 8x8 C-6 -029 74 60 451 303 90 0.2 0.5 95 87 0 
C 3024 3x 24 C-71 O74 74 62 833 304 - 85 0.0 0.7 95 69 0 
C 3024 6x 24 C-72 .022 76 63 704 303 87 0.4 0.6 96 90 0 
#H 3001 8 C-1 .003 75 161 388 121 155 11.6 33.7 24 35 65 
H 3003 6 C-1 O11 75 162 742 123 156 11.5 33.1 24 34 66 
H 3005 10 C-1 O11 76 156 270 121 143 10.9 31.2 24 30 70 
H 3012 10 C-1 .003 76 116 492 220 141 14.5 22.7 20 30 70 
H 3013 8 C-1 -007 75 111 706 220 127 15.6 19.0 19 45 55 
H 3017 6 C-1 -028 75 113 1340 222 137 15.8 17.7 19 55 44 
H 3026 10 C-1 000 75 100 690 308 128 13.5 15.1 25 50 50 
H 3034 10 C-1 003 76 90 889 398 104 7.0 iat! 25 70 23 
H 3013 8 C-2 .037 76 118 931 220 147 17.5 22.3 22 37 63 
H 3024 8 C-2 .062 76 97 1300 307 116 10.5 11.3 25 54 34 
H 3017 8 C-3-R -055 76 126 1100 217 145 17.1 31.0 26 42 57 
H 3024 8 C-3 .023 75 97 1285 302 115 2 iva 11.8 25 59 40 
H 3024 8 C-3-45 054 75 98 1298 305 120 13.9 14.9 12 Ad 42 
H 3024 8 C-3-V .080 74 94 1290 302 91 0.9 1.2 59 51 0 
H 3024 12x5 C-4 -022 75 95 983 302 108 3.3 9.8 25 60 37 
H 3024 8x8 C-6 088 75 98 454 305 120 12.4 14.8 24 AT 53 
H 3024 3 x 24 C-71 080 75 96 832 303 100 2.8 3.1 67 76 0 
H 3024 6x 24 C-72 019 76 97 710 306 113 10.1 10.8 25 60 40 


* Diameter or rectangular Dimensions of Supply-Air Duct. 


A. The Drop Zone 


Cooling data obtained with one type ceiling 
outlet (Setting C-1) indicated the relationship be- 
tween the flow rate and the throw of the total air 
(the distance of the drop zone from the center of 
the outlet) for several supply-air velocities as 
shown in Fig. 7. The left-hand curves show the 
distance of the drop zone from the center of the 
outlet to the west (inside) wall. The right-hand 
curves show the distance of the drop zone between 
the center of the outlet and the east (exposed) 
wall. These data show the total air moving toward 
the exposed wall dropped closer to the outlet than 
the total air moving toward the inside wall. For 
example, with a flow rate of 200 cfm and supply 
velocity of 600 fpm, the total air facing the ex- 
posed wall dropped 2.5 ft from the outlet; whereas, 
the total air facing the inside wall dropped 6 ft 
from the outlet. 

Because the maximum velocity in the total air 
was always about 10 in. from the wall, this position 
was shown as the maximum throw. 

These data indicate that the throw of the total 
air from any Group A outlet would be affected by 
the following factors: 

1. Loading — The throw would shift with 
the magnitude of the loading on a given wall 


e209 Ceiling outlet setting C-/ 
360 degree diffusion angle 


Velocity based on ai 
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from the maximum with an unloaded wall to 
the minimum with a fully loaded wall. For ex- 
ample, a west wall would have practically no 
load in the morning, and full load in the late 
afternoon. These data represent a fully loaded 
wall with an inside surface temperature of 87 F, 
a peak load at 6 p.m. with an outdoor tempera- 
ture of 96 F, the long wall facing SW, and the 
short wall facing NW. 

If the load were largely due to internal heat 
gains, the effect of the wall would be negligible 
and the maximum throw would be maintained. 

2. Flow Rate and Supply Velocity — Be- 
cause during these studies the cooling load was 
held constant, an increase in flow rate was ac- 
companied by a decrease in temperature differ- 
ential. Therefore, the effects of flow rate shown 
in Fig. 7 include also the effects of temperature 
differential. However, an increase only in flow 
rate would increase the throw in a manner 
similar to that shown by an increase in supply 
velocity. 

3. Primary Air—In general the throw was 
greatest when the total air approached an iso- 
thermal condition or when the primary air was 
close to a wall or ceiling. Thus during cooling 
from a high sidewall outlet a spreading jet with 
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Fig. 7. Relationship of Drop Zone to Loading, Flow Rate, and Supply-Air Velocity with Ceiling Outlets 
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a high induction of warm room air resulted in a 
near isothermal total air and a longer throw 
than a non-spreading jet. However, the data 
from ceiling outlets show the throw was less 
with large diffusion angles. The latter data were 
in agreement with general jet characteristics 
which have shown the throw to decrease with 
an increase in spread. 

The apparent contradictions in these items 
might be resolved by a more comprehensive 
study of the relationship of the throw to the 
mass flow rate of supply air per unit area. It 
can be reasoned that an initial increase in the 
spread of the primary air would increase the 
induction which causes the total air to approach 
the isothermal. This lessens the tendency of the 
cool total air to drop. It can be reasoned further 
that at some degree of spread the primary and 
total air might become so thinly distributed 
that they can no longer induce sufficient air to 
approach the isothermal or overcome the force 
of the natural currents. Consequently, the total 
air might have a greater tendency to drop when 
the spread is large. 

4. Room Surfaces — The data have indi- 
cated that the distance between outlet and the 
inside or exposed wall might also affect the 
throw of the total air. In addition, a jet near 
a ceiling was generally found to result in a 
longer throw than occurred with a free jet. 

Although the relationship of these factors to 
the throw is quite complicated, and, in view of 
the possible slight effects on comfort reactions, 
might be purely academic, a rational approach 
to outlet selection must account for these pos- 
sible factors. 


B. The Stagnant Layer 


The relationship of the stagnant layer to the 
flow rate are shown in Fig. 8 by the temperature 
differences, floor to ceiling, between the average 


Ceiling 


90 


temperatures at each level and the control tem- 
perature. The four curves show data from heating 


studies which utilized the same outlet but four dif- — 


ferent flow rates. 


The stagnant layer was formed over the whole ? 


room at the level above which the temperature 
difference curves became nearly vertical. Thus the 
stagnant layer was formed a few inches below the 
ceiling with 120 cfm, 78-in. level with 220 cfm, 
60-in. level with 310 cfm, and near the 30-in. level 
with 400 cfm. 

The air above the stagnant layer was thoroughly 
mixed with the supply and total air, which resulted 
in uniform temperatures above the layer. It is 
significant that only the temperature of the air 
above the layer was reduced by an increase in flow 
rate. It should be noted that an increase in flow 
rate also decreased the supply air temperature, 
which affected the major reduction in temperature 
above the stagnant layer. 

During each study the temperatures of the air 
between the 4-in. level and the stagnant layer 
increased almost linearly with height and by the 
same magnitudes. This emphasizes that when 
the supply air was introduced horizontally near the 
ceiling the flow rate or more generally the condi- 
tions of the supply air had little effect on the air 
distribution below the stagnant layer, although an 
increase in flow rate lowered the position of the 
layer. Furthermore, it is shown that the distribu- 
tion below the layer was a result of the natural 
currents. 

Because the occupied portion of the room is 
near the layer, more acceptable distribution would 
result when the layer is formed at a relatively low 
level. These studies indicated by a minimum flow 
rate of about 250 cfm that with this type of outlet 
a maximum supply air temperature should be 
about 100 F. 

It is of interest to note that although the floor 
surface temperatures were higher when the ceiling 
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Fig. 8. Relationship of Stagnant Air Layer to Flow Rate with Ceiling Outlets 
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surface temperatures and air temperatures near the 
ceiling were higher, no appreciable difference was 
'found in the 4-in. level temperatures. It is appar- 
ent that the floor surface temperature was affected 
by radiation from the other surfaces, whereas the 
temperature of the air near the floor was affected 
mainly by the cool natural currents down the ex- 
posed walls. 


15. Effects of Flow Rate and Supply Air Velocity 
Representative quantitative data for heating 
and cooling from Group A outlets, which shows the 
effects of flow rate and supply air velocity, are 
given in Fig. 9. In part (a) the data were from 
high sidewall outlets, setting K, mounted 7 ft above 
the floor at Location III (Fig. 3), and in part (b) 
the data were from the circular projecting ring 
outlet, setting C-1, mounted at Location XXX. 


A. Cooling 


The temperature index is the percentage of the 
traverse points at the 4, 30, 60, and 78-in. levels, 
excluding those points within one ft of the wall 
surfaces, at which the temperatures were within 
one degree of the control temperature. For both 
high sidewall and ceiling outlets these data show 
the air temperatures in the room were uniform 
regardless of flow rate or supply air velocity. 

The velocity indices show the percentage of the 
same traverse points given above at which the 
velocities were uniform (15 to 35 fpm), excessive 
(greater than 35 fpm), and stagnant (less than 15 
fpm). The curves for the high sidewall outlets 
show primarily an increase in excessive velocities 
with an increase in supply air velocity and only a 
slight increase with an increase in flow rate. Simi- 
lar trends are shown by the curves for the ceiling 
outlets. The room air velocities were more uniform 
with less excess velocities than occurred with the 
high sidewall outlets. 

B. Heating 

The temperature variation indices show the 
difference between the average of 42 temperature 
readings at the respective levels. The curves for 
both the high sidewall and ceiling outlets show the 
same trends so that with an increase in flow rate 
the 4-in. to 90-in. level temperature variations de- 
creased steadily. The 4-in. to 60-in. level tempera- 
ture variations increased until the 60-in. and 90-in. 
level temperatures were nearly equal, after which 
the 4-in. to 60-in. level variations decreased. In the 
discussion of the stagnant layer it was shown that 
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Fig. 9. Effects of Flow Rate and Supply-Air 
Velocity with Group A Outlets 


the 60-in. and 90-in. level temperatures were nearly 
equal only when the stagnant layer was formed 
below the 60-in. level, and that acceptable comfort 
conditions would occur only when this were true. 
Therefore, these curves indicate a minimum flow 
rate of 200 cfm for high sidewall outlets and 250 
cfm for ceiling outlets. The curves might also be 
interpreted to mean that conditions of loading and 
flow rate should result in supply air temperatures 
less than 115 F with high sidewall outlets and less 
than 100 F with ceiling outlets. 

Neither free area nor duct area velocity ap- 
peared as a satisfactory correlating value for ceil- 
ing outlets. Therefore, these data, plotted with 
constant inlet duct diameter, show a change in 
supply velocity as well as flow rate and cannot be 
compared directly with the high sidewall data. 
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It is interesting to note that with very low 
flow rates the temperature variations were about 
equal for both sets of data. This represents a con- 
dition of negligible forced convection or almost 
wholly natural convention. It is probable that any 
other system such as a ceiling panel which merely 
introduces the heat near the ceiling will for the 
same loading, result in conditions similar to these. 

The velocity indices for both sets of data show 
little change in the uniformity of the air motion 
with a change in flow rate or supply velocity. How- 
ever, as these variables increased, more excessive 
and less stagnant air motion occurred. Comparison 
of these data again show that higher flow rates can 
be utilized without excessive air motion with ceiling 
outlets rather than with high sidewall outlets. In 
fact, ceiling outlets should be particularly appli- 
cable with a high ratio of cooling load to heating 
load where the same flow rate is utilized during 
year-round operation. 


16. Effects of Vane Settings and Location 


The vane settings utilized with high sidewall 
outlets are shown in Fig. 10, and those with ceiling 
outlets are described in Table 3. The most signifi- 
cant effects of vane setting are shown by consider- 
ing the data from studies with various angles of 
spread or diffusion of the primary air. 

A. Cooling 

The results of several vane settings with high 
sidewall and ceiling outlets are given in Fig. 11. 
The temperature index is shown by the upper 
block and the velocity indices are shown by the 
lower blocks. Although more excess velocities oc- 
curred with the three jets of setting J than with 
the two jets of setting K, the temperature distribu- 
tion was about the same. The higher velocities with 
the three jets can be attributed to a longer throw of 
the total air which resulted from more complete 
mixing of the primary air and the room air. 


Table 3 
Description of Ceiling Outlets 
Vane Description Horizontal 
Setting Angle of 
Diffusion of 
Primary Air, 
Deg. 
C-1 Circular Projecting Rings 360 
C-2 Circular Projecting Cones 360 
C-3 Circular Flush Cones 360 
C-3-R Same as C-3 with Return in Center 360 
C-3-45 Same as C-3 with 45 Deg Downward Discharge 
C-3-V Same as C-3 with Vertical Downward Discharge 
C-4 Semi-cireular Flush Cones 90* 
C-6 Square Perforated, Horizontal Discharge 360 
O-7 Rectangular, C-7. Two-way Discharge 135* 
C-7 One-way Discharge 45* 


*The diffusion angle was an estimate of the proportion of a 360 deg 
diffusion angle covered by the primary air. 
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Fig. 10. Vane Settings of High Sidewall Outlets 


On the other hand the low temperature index 
with the straight flow, setting 0, resulted from low 
temperature air dropping into the room because of 
incomplete mixing of the primary and room air. A 
slight improvement in the temperature and velocity 
indices is shown with setting K by directing the 
primary air up 20° with the rear vanes. 

With the ceiling outlet, little difference is shown 
in the indices for the studies with a horizontal dis- 
charge of the primary air regardless of the angle 
of diffusion. The higher uniformity of air motion 
with the setting C-7, study can be partially at- 
tributed to a lower effective supply-air velocity. 
The low temperature index with the vertical dis- 
charge of setting C-3-V was to be expected. How- 
ever, combined with the relatively uniform room 
air motion, it shows the high velocities of the 
primary air were very localized and little room air 
was induced into the primary air. 

These data emphasize that with Group A out- 
lets, better distribution resulted during cooling when 
the primary air remained near the ceiling such as 
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{ieeurred with two or three jets rather than a 
straight flow jet or by directing the air up from the 
outlet. In addition, the diffusion angle was not 
} important when the air was discharged horizontally 
‘along the ceiling. 

| Another situation arises if the air from a ceiling 
| outlet were discharged horizontally below the ceil- 
ing, as when mounted on the under side of an 
exposed duct. The primary air with a small angle 
of diffusion would then be similar to the straight 
flow jet of the high sidewall outlet, and an outlet 
with a large diffusion angle would be preferred. 


B. Heating 


Data are given in Fig. 12 from heating studies 
conducted with the same high sidewall and ceiling 
outlets shown in Fig. 11 for cooling. In this figure, 
the right-hand column shows the 4-in. to 60-in level 
temperature variations from studies conducted with 
flow rates which produced nearly equal 60-in. and 
90-in. level temperatures. The high sidewall data 
show that a significant improvement occurred with 
the straight flow jet over the two and three jet 
settings as indicated by the smaller temperature 
variations and more uniform air motion. 
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With the ceiling outlets, data from two circular 
outlets are given which show the maximum differ- 
ences between four outlets with diffusion angles of 
360° (Settings C-1, C-2, C-3, and C-6 in Table 2). 
The differences in the performance of these outlets 
can be attributed to a difference in effective supply 
velocity and rate of induction. 

The data from the studies with the circular 
outlets compare the two extremes of introduction 
of the primary air, a horizontal discharge with 
settings C-1 and C-2 and a vertical downward dis- 
charge with setting C-3-V. These data emphasize 
that in order to substantially reduce the tempera- 
ture variations, the total air must reach the lower 
levels as with the vertical discharge. Thus as the 
horizontal discharge was changed from the 360° 
angle of diffusion of settings C-1 and C-2 to the 
approximate 45° angle of diffusion of setting C-7, 
the temperature variations were reduced. As the 
angle of diffusion was reduced the throw of the 
primary air was increased which forced more total 
air against the wall and down to the lower levels. 

The results for Group A outlets given in Fig. 
11 and Fig. 12 show that during cooling a large 
angle of the primary air diffusion is preferred, 
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Fig. 11. Effects of Vane Setting with Group A Outlets During Cooling 
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Table 4 supply velocities were utilized which cannot be 
Comparison of Distribution from High Sidewall Outlets . : i " é a 
With Vantous Vane Séilings at Localion ta compared directly. Therefore, in Table 4, the in 
Vane Study Flow Supply- Tomperature Inder Velority Inde, dices are compared with those obtained with setting 
Setti Designa- Rate, Air Percent Deviation 5-35 eviation = ; a 
Fig. 10 tion efm Velocity, A a fpm) & fee K at Location IIT (Fig. 9). 
S fp Setting K T Setting . " ° 
Glossy) rae Location ° —“‘Loeation For cooling the comparisons show that settings 
II Data* III Data* RF tal atake ti Dresulteda l t th 
a @) 3) “) (5) (6) 7) 8) and K at Location I resulted in almost the same 
A Gaz 218 565 94 —4 55 -13 distribution as did setting K at Location III. 
C 126 304 782 96 4 52 2 Fenn 
B C112 220 500 90 =f 58 —12 Although a deep vaned outlet was utilized for — 
oo C 126 306 695 95 2 50 =o E 6 : . 
BJ Sg C126 304 663 99 7 34 =? setting F in contrast to a shallow vane for setting 
2) (Up 19°) 7 Fic BAG 
S| Di, Cuz ae 708 96 a) 68 10 K, the similar positions of the vanes produced 
(Up 28°) 5 : c 5 e : 
RK | Gio 218 576 99 0 61 —4 nearly identical primary air and room air motion. 
K C 152 247 515 95 =3 70 4 5 * 
HOM (CG 163" 8) 362m E78 78 —14 55 —5 It can be noted that with high flow rates the 
C 162 364 374 69 —28 65 —5 P ry 2 : Cea 
Tigre ante ea distribution from all vane settings was similar. The 
4-in. t : : F 
60in. main difference between the outlets at Location I 
level ; 
ea meee ee Fe a = and at Location IIT occurred at the lower flow rate 
Bt eh aoe ae dae o.8 a ne and was apparent in the large proportion of excess 
eee eee or pee ee eS o “ velocities at Location I. Several attempts were 
Sig anh ays ve a se 4 made to eliminate these objections by changing the 
* Location IIT Data from Fig. 9. 4 F . . 
** Free Opening. vane settings. Setting A spread the primary air and 


attempted to prevent the excess drop which oc- 
curred with free openings. 
Although this setting eliminated the problem of 


whereas, during heating a maximum projection of 
the primary air is preferred. 


Vane Setting Studies at Location I drop, the supply air was split into two distinct jets 
Additional studies with various vane settings which impinged on the adjacent walls at points 
(Fig. 10) were conducted with high sidewall out- about 45° from the outlet, one jet striking the 


lets at Location I. Several different flow rates and north wall and one the south wall. A stream of 
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Fig. 12. Effects of Vane Setting with Group A Outlets During Heating 
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air then flowed eastward along each of these walls 
and to the center of the east wall; here the two 
streams met and formed one stream that traveled 
up the center of the room in the direction of the 
supply outlet. The result was a general movement 
of air in a clockwise direction, looking from above, 
/in the north half of the room and a counterclock- 
wise movement in the south half. 
In order to eliminate the undesirable impinge- 
ment on the adjacent walls further experimentation 
| with the vanes was conducted, the result being set- 
ting B. This setting also produced two jets. How- 
| ever, the jet in the direction of the north wall 
' turned away from the wall and back toward the 
center of the room while the jet in the direction 
of the south wall hit that wall and continued along 
it. As a consequence, a counterclockwise movement 
of the air was set up throughout the room. 

Further explorations led to setting C, which di- 
rected more air toward the north wall. In contrast 
to the effect of setting B, a clockwise movement of 
air throughout the room resulted with setting C. 

Although each of these vane settings produced 
distinctively different patterns of room air motion, 
the indices of the distribution were similar in that 
a large proportion of excess velocities resulted. Of 
course these excess velocities occurred at different 
areas in the room, along the north and south walls 
with setting A, near the south wall with setting B, 
and near the north wall with setting C. 

These data emphasized that the primary air and 
the room air motion can be controlled by adjust- 
ment of the vanes of an outlet. However excess 
velocities occurred during cooling when the jets 
struck adjacent walls or a large portion of the pri- 
mary air was in one jet. Vane adjustments where 
a spreading jet impinges on an adjacent wall could 
only cause the excess velocities to occur in a less 
objectionable area. Therefore, it would be more 
effective to locate the outlet, such as at Location 
II or III, where wide spreading jets could be utilized 
with little danger of impingement, commonly re- 
ferred to as overblow. 

During heating the differences shown in the 
distribution by these vane adjustments are minor 
compared to the change from a spreading to a non- 
spreading jet as previously discussed. 

D. Effects of Location 

Comparison of the data in Table 1 from studies 
with setting K at Location I, II, II, TX, and the 
dual Location IX-XI show location had little effect 
on the air distribution. This, and particularly the 


fact that a single outlet was as effective as dual 
outlets, indicates a small number of outlets and 
the most direct and economical ductwork may be 
utilized with high sidewall outlets. However, be- 
cause a maximum throw with overblow was best for 
heating, and wide spreading jets with no overblow 
was best for cooling, it would be desirable for high 
sidewall outlets to have adjustable vanes to obtain 
these primary air characteristics. The advantageous 
primary air characteristics can best be served by 
locating the outlet on the longer inside wall. 


17. Summary of Distribution with Group A Outlets 


A summary of these data will be more effective 
if utilized to show a general method of selecting 
and applying these outlets. In general it has been 
shown a combination of loading and flow rate 
should result in supply air temperatures of no more 
than 100 F with ceiling outlets and with no more 
than 115 F with high sidewall outlets. Certain vane 
settings with each of these types of outlets permit 
higher supply air temperatures than given above. 
However, for purposes of a general design rule, 
these temperatures should be adhered to as the 
maximums. It is interesting to note that these sup- 
ply temperatures necessitate high flow rates, yet it 
has been shown that these outlets are particularly 
applicable for high flow rates and so would apply 
very well in cases where large quantities of venti- 
lation air would be required. 

Two major applications of outlets which dis- 
charge air horizontally from a position in or near 
the ceiling have appeared. One condition was 
mounting the outlet so that the supply air was dis- 
charged near the ceiling, such as with a ceiling 
outlet mounted flush with the ceiling or with a high 
sidewall outlet mounted in a sidewall flush with the 
ceiling. The other case was recognized when an 
outlet was mounted so that the supply air was dis- 
charged some distance below the ceiling, such as a 
ceiling outlet mounted on the underside of an ex- 
posed duct or a sidewall outlet mounted some dis- 
tance below the ceiling. Each of these conditions 
resulted in different distribution and presents dif- 
ferent problems in application. Therefore, these two 
conditions will be treated separately. 


A. Supply Atr Discharged Horizontally 

Some Distance Below the Ceiling 

In this case the type of vane settings had a 
very decided effect on the distribution. During heat- 
ing it was found that the supply air should be dis- 
charged horizontally with little spread, whereas, 
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during cooling a maximum spread was desired 
which occurred with two or three jets from a high 
sidewall outlet or from a ceiling outlet with 360° 
angle of diffusion. 

For year-round application with these condi- 
tions, an outlet should be adjustable to give the 
maximum throw for heating and the maximum 
spread for cooling. Although drop is a factor pecu- 
liar to cooling only, it can well be the criterion for 
selecting the proper outlet for heating or cooling. 
The data have shown that if the throw and drop 
zone, based on a 20 F temperature differential and 
non-spreading jet, were chosen so that the drop 
zone occurred near the wall opposite the outlet, 
acceptable distribution would be obtained during 
heating with the non-spreading jet and the flow 
rate used in selecting the outlet. In addition, accept- 
able distribution would be obtained during cooling 
if the vanes were set to obtain a spreading primary 
air with the same flow rate. 


B. Supply Air Discharged Horizontally 
Near the Ceiling 


In this case it was found that the non-spreading 
jet was more desirable during heating, however it 
made little difference whether the jet was spread 
or not during cooling. 

It was shown in Fig. 7 that the loading had a 
decided effect upon the position of the drop zone 
and it indicated that several principles could be 
applied for the selection of such an outlet. For ex- 
ample, with an outlet which discharges the supply 
air with a 360° angle of diffusion the outlet might 
be located at a point from the exposed wall which 
is proportional to the loading and the total distance 
between the inside and exposed wall. Thus, if the 
exposed wall were fully loaded, the throw would 


be the same in all directions. However, if a light 
load existed on the exposed wall, overblow would — 
occur, and it was found that overblow during cool- 
ing was accompanied by excessive air motion. 

If it were desired to have equal throw and to 
locate the outlet in the center of the space when 
the wall was fully loaded, the flow rate might be 
divided in each direction in proportion to the load- 
ing of the wall. This would necessitate selecting an 
outlet with variable free areas in each direction. 

If a load were mainly internal, the maximum 
throw would be maintained in all directions. The 
outlet should be chosen so that the drop zone would 
occur near the walls or edges of the selected area. 

Since the distribution as shown in Fig. 9 indi- 
cated that the position of the drop zone had little 
effect during cooling, it is recommended the selee- 
tion be based on a throw (which ignores the load- 
ing) equal to the distance between the outlet and 
the wall or edge of area to be covered. Then the 
optimum distribution from this type of outlet 
would also be obtained during heating, and the 
selection procedure would be the same for heating 
and cooling. 

In both cases listed above the outlet selections 
resolved into determining the throw (toward a 
non-loaded wall) for a 20 F differential between 
the supply air and room air temperature which was 
equal to the distance between the outlet and the 
wall. Throw for any outlet could be correlated with 
the variables of flow rate, supply velocity, and 
temperature differential, and therefore should be 
shown as a part of outlet performance data. Addi- 
tional research might correlate the position of the 
drop zone with the primary air pattern of an iso- 
thermal jet, which would allow this performance 
data to be obtained very simply. 


VI. STUDIES WITH GROUP B OUTLETS 


18. General Characteristics 


Group B consists of outlets located in or near 
the floor, which discharge the supply air in a verti- 
cal non-spreading jet. These outlets might be con- 
sidered a special type vane setting of all outlets 
mounted in or near the floor. However, they have 
the characteristics shown in Fig. 13, which are suf- 
ficiently different from those of other outlets to be 
grouped separately. Outlets in this group might be 
mounted in the floor, sidewall, or baseboard, but 
they would all portray the characteristic non- 
spreading jet shown in Fig. 13. From this primary 
air pattern the total air was funneled to the ceiling 
and spread in all directions across the ceiling. Dur- 
ing cooling the total air dropped in a semi-circular 
zone some distance from the outlet. The natural 
currents formed a relatively small stagnant zone of 
warm air near the ceiling and away from the total 
air. During heating the total air continued across 
the ceiling and down the opposite walls, forming a 
smaller and lower level stagnant zone than occurred 
with the group A outlets. 


19. Effects of Supply Velocity, Flow Rate, and Location 


A summary of the studies conducted with Group 
B outlets, in this case floor registers, is given in 
Table 5. In Fig. 14 a portion of these data is given 
to show representative effects of flow rate, supply 
velocity, and location for a Group B outlet. In 
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general these data show that location has little 
effect on the distribution during heating or cooling. 
The quantitative data given in Table 5 and Fig. 14 
can be explained by reference to the air motion 
characteristics given in Fig. 13. 
A. Cooling 

Only a small stagnant zone occurs and, there- 
fore, the temperature distribution would be good 
with a high temperature index so long as the total 
air reaches the ceiling. In this case, the height at 
which the total air is projected depends on the sup- 
ply velocity and temperature differential. As em- 
phasized by the temperature index, the minimum 
supply velocity with a temperature differential of 
20 F was 500 fpm and with a 15 F temperature 
differential was 250 fpm. Location, therefore, has 
little effect on the temperature distribution because 
it is only necessary that the total air reach the 
ceiling. In fact a small number of outlets would 


be preferred because then the minimum supply 


Cooling, total air 
Outlet in or near floor, non-spreading vertical jet 


velocity could be more easily exceeded. 

The distance from the outlet at which the drop 
zone occurred was only slightly dependent on the 
supply velocity or the flow rate. Thus, with the high 
flow rates, a larger quantity of air with resulting 
higher velocities occurred in the drop zone than 
with the low flow rates. Likewise, the velocities in 
the drop zone were higher from corner locations 
such as V or IV-V because the drop zone was only 


Stagnant 


Heating, room air 


Fig. 13. Air Motion Characteristics of Group B Outlets 
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quarter-circular and thus smaller than the semi- 
circular drop zone from a location near the center 
of a wall such as Locations II or III. Consequently, 
the corner locations resulted in more excess veloci- 
ties in the occupied zone. 


B. Heating 


Because the total air remains near the ceiling 
and a relatively large stagnant zone is formed at 
the low levels of the room, location would have 
little effect on the velocity indices. This was found 
to be true as shown in Fig. 14. Also excess velocities 
would occur only with high flow rates. The low 15 
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Per cent 


to 35 fpm velocity indices with low flow rates were 
due to a large stagnant zone, which resulted in a 
high percentage of velocities less than 15 fpm. 


When an outlet introduces the supply air verti- © 


cally from a position near the floor the temperature 
distribution is affected by the following: 

A. The amount of natural currents opposed 
by the total air, which depends largely on the 
spread of the primary air, which is greater with 
spreading rather than with non-spreading jets. 

B. Induction of room air into the pri- 
mary and total air, which depends on the spread, 
supply velocity, and temperature differential, 
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Fig. 14. Effects of Velocity, Flow Rate, and Location with Group B Outlets 
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Studies With Floor Registers 


Flow Load Temperature Indices Velocity Indices 
Rate, Ratio, Temp. Variation Temp. 15to35 Less 
efm Btu 4-in. to 4-in.to Index, fpm, than 
(hr) (F) 60-in 90-in. % % 15 fpm, 
eve Levels, % 
Deg F Deg F 
(8) (9) (10) (1) (12) (18) (14) 
301 120 0.2 0.8 91 55 0 
127 99 13.5 15.8 20 59 40 
122 109 13.2 15.5 17 63 36 
123 112 13.0 15.1 25 65 31 
124 110 11.3 12.6 25 68 30 
222 112 10.2 11.6 25 73 25 
218 108 9.5 10.5 20 74 24 
223 106 8.0 9.0 19 80 14 
300 103 6.9 7.9 23 85 10 
302 111 525 7.4 26 90 3 
396 113 7.2 8.2 20 76 4 
219 109 —0.1 0.6 87 89 0 
123 106 12.8 14.4 25 35 35 
222 105 9.0 10.2 22 78 21 
303 114 0.8 Wal 84 73 10 
302 120 0.2 0.0 100 28 0 
221 103 9.2 10.0 20 77 15 
302 114 ZN h 4.4 78 56 0 
299 126 0.2 —0.1 92 34 0 
125 115 13.9 16.1 25 64 36 
220 108 12.1 12.5 25 63 37 
222 105 9.6 10.6 20 79 18 
304 107 9.8 10.8 19 Ma 23 
302 103 7.9 8.8 19 71 6 
405 99 8.4 9.3 24 86 10 
300 129 0.4 0.4 95 69 0 
303 109 6.0 7.0 25 79 8 


Table 5 
Study Outlet Vane Pressure Control Supply Supply 
Designa- Size, Setting* at Temp, Air Air 
tion Inches Station F Temp, Velocity, 
(See 5) Fr fpm 
Glossary) 

QQ) (2) (3) (4 (5) (6) (7) 
C 224 6x12 R -041 75 59 788 
H 201 6x12 R 75 134 334 
H 202 6x8 R 76 135 AT4 
H 203 4x10 R 75 136 613 
H 204 4x6 R 16 135 1055 
H 212 8x12 R 75 108 436 
H 213 6x12 R 75 107 572 
H214 6x8 R .030 76 106 869 
H 223 8x12 R 75 97 592 
H 224 6x12 R 75 100 790 
H 234 8x12 R 75 97 781 
C 313 6x12 R .019 76 56 572 
H 303 4x10 R .027 75 132 610 
H 313 6x12 R 75 104 580 
C 4-522 6x12 R .010 76 61 397 
C 4-524 4x8 R -065 75 60 944 
H 4-513 4x10 R .024 75 102 550 
C 522 12x12 R 75 62 399 
C 524 6x12 R .035 75 60 783 
H501 6x12 R .006 75 138 327 
H511 12x 12 R .002 75 105 291 
H513 6x12 R .020 75 105 578 
H 522 12x 12 R .005 75 96 401 
H524 6x 12 R 034 vas 99 791 
H 533 12x12 R .090 76 92 535 
C 624 6x12 R .040 75 60 786 
H 624 6x12 R .040 75 100 794 


* A floor outlet was referred to as a floor register when the front vanes were vertical. The vane setting was designated R. 


| increasing with a rise in spread or supply 
velocity and a decrease in temperature differen- 
tial. Because of the vertical non-spreading jet 
from these outlets only the supply velocity and 
temperature differential affects the natural cur- 
rent or induction. Consequently, location af- 
fected the distribution only when the flow rate 
was high. Under these circumstances a corner 
location, such as V, was too restrictive and did 
not permit as much induction as the less restric- 
tive locations, such as II and III. 


It is interesting to note that the distribution from 
the dual outlets at Location IV-V was no better 
than with a single outlet. 


These data emphasize that Group B outlets, 
non-spreading vertical jets, are particularly appli- 
cable in a year-round system utilizing a high flow 
rate or low temperature differential. Futhermore, 
the number of outlets may be small and so located 
to utilize a simplified duct system. 

Selection of the outlet size need only consider 
the minimum supply velocity for the temperature 
differential during cooling, 500 fpm with a 20 F 
differential and 250 fpm with a 15 F differential. 
During heating, supply velocity had little effect on 
the distribution, and thus the size of the outlet was 
not critical. However, it was found that a high flow 
rate or low supply temperature resulted in the most 
acceptable distribution. 


Vil. STUDIES WITH GROUP C OUTLETS 


20. General Characteristics 


Group © consists of outlets located m or near 
the floor which discharge the supply air vertically 
with spreading jets. The primary air characteristics 
of several classes of outlets in this group are shown 
in Fig. 15. Inspection of the outlines of primary 
air reveals that the distribution from various out- 
lets within this group would vary considerably be- 
cause of variations in horizontal spread to vertical 
throw. In fact, outlets such as S-1 and 8-3 might 
be considered to have patterns which represent a 
transition between the Group B and Group C out- 
lets. In spite of the many variations of horizontal 


Floor outlets 


spread to vertical throw of these outlets, the total 
and room air characteristics were generally as 
shown in Fig. 16. 

During cooling with only a limited spread, the 
total air would fold back on the primary air jets 
rather than drop near the center of the room, which 
happened with a Group B outlet. It is easily real- 
ized that as the ratio of spread to vertical throw 
varies with outlet so also the height at which the 
total air ascends would vary with outlet, being 
higher with a completely vertical jet. The distribu- 
tion would also vary with the ratio of spread to 
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Fig. 15, Primary Air Characteristics of Group C Outlets 
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Fig. 16. Total and Room Air Characteristics of Group C Outlets 
throw, being better with a completely vertical jet 


during cooling. Thus the stagnant zone varied be- 
tween outlets in Group C and was always larger 
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than with outlets in Groups B or A during cooling. 

During heating the total and room air patterns 
were similar to those from Group B outlets except 
that the stagnant zone lower and smaller. 
However, the distribution again varied with the 
ratio of spread to throw. 


Was 


21. Effects of Supply Velocity and Flow Rate 


A summary of the data obtained with outlets 
from Group C is given in Tables 6, 7, and 8. A 
portion of the data from studies with floor diffusers 
is shown in Fig. 17. Although the magnitudes of 
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‘ 
Table 6 j 
Studies With Floor Diffusers i 
Study Outlet Vane Pressure Control Supply Supply Flow Load Temperature Indices Velocity Indices : 
Designa- Size, Setting at Temp, Air Air Rate, Ratio, Temp. Variation Temp. 15to35 Less : 
tion Inches Station F Temp, Velocity, efm Btu 4-in. to 4-in. to Index, fpm, than 
(See af F fpm (hr) (F) 60-in. 90-in. % % 15 fpm, 
Glossary) Levels, Levels, % 
Deg F Deg F 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1) (12) (13) (14) 
C 213 6x 12 D-1 .029 76 57 708 220 97 1.9 12.5 40 50 31 
C 224 6x 12 D-1 “049 75 60 970 302 123 0.0 8) 85 81 0 
H 213 6x 12 D-1 76 106 708 220 99 6.5 ffil 16 83 8 
C 313 6x12 D-1 -026 75 55 700 218 102 1.4 11.5 45 61 29 
C 323 6x14 D-1 .037 75 61 840 303 126 =0.1 1-0 95 88 1 
H 303 4x10 D-1 -028 75 128 672 127 101 8.3 9.2 24 24 27 
H313 6x12 D-1 -013 76 107 695 216 100 5.7 6.3 26 85 13 
C 4-522a 6x 12 D-3 -O11 75 61 464 301 103 0.8 8.0 46 47 29 
C 4-522b 6x12 D-3 .012 75 60 464 301 111 1.4 7.9 54 59 22 
C 4-524 24x14 D-3 .063 75 61 1096 303 117 —0.1 0.4 99 63 (0) 
C 4-533 6x14 D-3 015 75 66 628 407 110 0.2 0.5 96 59 0 
H 4-502 244x14 D-3 .014 75 133 448 124 108 8.1 8.9 54 63 37 
H 4-524 2144x14 D-3 . 067 75 97 1111 307 108 3.8 4.1 71 79 0 
C 524 6x12 D-3 O41 75 59 925 300 137 —0.3 0.3 94 51 0 
H 513 6x14 D-3 -022 75 105 679 220 100 7.4 8.0 26 86 10 
E515 4x10 D-3 -030 76 108 674 221 95 ae 7.8 26 63 21 
C614 4x12 D-1 .069 75 60 1078 219 119 0.3 4.5 76 vies 15 
C 624 6x12 D-1 044 75 60 967 301 127 0.2 1.2 76 ire 1 
H 601 6x14 D-1 .001 75 133 341 123 107 9.1 9.6 25 71 28 
H613 6x12 D-1 .028 75 108 709 220 106 7.4 7.6 21 83 10 
H 624 6x12 D-1 75 101 973 302 109 5.1 5.6 33 75 o 
a. Outlet at Location V set to Blanket North Wall. 
b. Outlet at Location V set to Blanket East Wall. 
Table 7 
Studies With Baseboard Outlets 
Study Outlet Vane Pressure Control Supply Supply Flow Load Temperature Indices Velocity Indices 
Designa- Size, Setting at Temp, Air Air Rate, Ratio, Temp. Variation Temp. 15to035 Less 
tion Ft Station F Temp, Velocity, cfm Btu 4-in. to 4-in. to  Indez, fpm, than 
(See 2 F fpm (hr) (F) 60-in. 90-in. % % 15 fpm, 
Glossary) Levels, Levels, % 
Deg F Deg 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
H 203 2.5 V-2 he) 144 600 1210 128 10.1 10.9 29 72 28 
C317 2.5 V-2 147 76 56 1075 216 132 1.3 3.4 55 64 15 
H 303 2.5 V-2 079 75 135 612 123 114 fhoil 8.4 13 73 23 
H 303 2 V-1 039 75 141 §92 123 124 12.4 14.1 23 43 57 
H 301 8 V-1 75 138 293 122 113 7.8 8.5 24 55 44 
H 303 8 V-1 75 137 583 122 119 7A 8.5 23 63 35 
H 303 4 V-1 75 138 587 122 119 1B 12.2 21 66 34 
C 3-814-2 2.5 V-2 .065 76 57 (III) 2438 220 106 3.7 12.1 36 44 53 
54 (VIII) 845 845 
*C 3-813 2.5 V-2 -032 75 58 547 220 83 5.2 14.3 40 39 61 
*C 3-813 2.5 V-2 75 60 550 221 87 5.5 15.4 44 37 61 
H 3-801 2.5 V-2 014 75 129 301 121 102 5.3 6.6 30 61 39 
H 3-801 8 V-1 76 136 295 123 107 4.7 4.9 30 56 44 
H 3-803 8 V-1 75 137 522 120 110 5.3 5.4 39 56 43 
H 3-805-2 2.5 V-2 74 123 (IID 177 121 114 6.1 6.6 26 77 23 
141 (VIII) 427 
H 6-703 8 V-1 75 131 588 123 101 5.2 5.6 30 58 39 
H 6-7-801 8 V-1 75 134 290 121 102 3.3 3.5 45 61 39 
H 6-7-803 8 V-1 76 139 580 121 107 2.9 3.4 50 54 44 
C 817 2.5 V-2 .086 76 56 1093 220 117 0.9 5.9 43 56 39 
H 803 i 4 V-2 -036 77 148 604 122 128 6.9 7.6 22 79 21 
nehes x 
H 303 14x4 H-2 048 75 133 672 123 107 4.88 4.9 53 70 9 
H 3-801 14x4 H-2 .018 75 130 336 122 98 4.8 5.7 Al 54 27 
* Different Corridor Temp, See Sec. 29. 
Table 8 
Studies With Low Sidewall Outlets 
Study Outlet Vane Pressure Control Supply Supply Flow Load Temperature Indices Velocity Indices 
Designa- Size, Setting at Temp, Air Air Rate, Ratio, Temp. Variation Temp. 15to035 Less 
tion Inches Station Fr Temp, Velocity, efm Btu 4-in. to 4-in.to Index, fpm, than 
_(See 3 F fpm (hr) (F) 60-in. 90-in. % % 15 fpm, 
Glossary) Levels, Levels, % 
Deg F Deg F 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
H 302 14x6 S-1 -015 75 139 452 122 118 12.0 13.3 25 60 40 
C314 14x6 8-1 -114 76 56 816 220 114 0.3 2.3 69 80 0 
C 3-812 14x6 5-1 -015 74 58 412 221 75 6.1 15.5 34 44 54 
C 3-813 10x6 8-1 -028 76 58 613 218 95 2.6 10.3 25 24 50 
H 3-802 10x6 8-1 75 134 344 123 109 8.9 9.5 24 68 32 
H 3-802 10x 6 $-2 018 76 135 447 122 104 4.8 4.9 59 73 25 
H 3-803 12x4 §-3 027 75 140 580 121 115 ee! 8.8 25 49 51 
H 6-7-801 10x6 §-2 -009 75 131 308 125 98 4.4 4.5 60 64 36 
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| the floor diffuser data cannot be considered repre- 


sentative of that obtained from each outlet in Group 
C, certain characteristics are representative. When 
these trends are considered in conjunction with the 
primary air, they provide a basis of predicting the 
quantitative distribution from the other outlet stud- 
ies or any future outlet in the group. 


A. Cooling 

The curves in Fig. 17 show that with a given 
flow rate and supply velocity an optimum temper- 
ature and velocity distribution was obtained. With 
supply velocities below the optimum, the temper- 
ature index was low, mainly because of tempera- 
tures higher than desired. In other words, when 
the total air failed to reach the ceiling, a large 
stagnant zone with high temperatures existed. It 
is shown that below a minimum supply velocity 
the indices drop rapidly. The data in Table 6 show 
that when the temperature index during cooling is 
only about 40%, the temperature variation between 
the 4-in. and 90-in. levels may be as high as 12 F. 
Thus a minimum supply velocity of 750 fpm with 
a 20 F temperature differential (corresponding to a 
flow rate of 220 cfm during these studies) is recom- 
mended for floor diffusers. Also, a minimum supply 
velocity of 500 fpm is recommended with a tem- 
perature differential of 15 F. 

With supply velocities above the optimum, the 
temperature index was slightly lower than at opti- 
mum because of an increase in the size of the region 
in which the cool total air dropped, which resulted 
in a greater number of points with temperature de- 
pressions. As the supply velocity was changed from 
below optimum to above optimum the percentage 
of velocities less than 15 fpm decreased and the 
percentage greater than 35 fpm increased. 

From the primary air outline given in Fig. 15 
for the floor diffuser, setting D-1, it can be realized 
that an increase in supply velocity or flow rate 
would also increase the vertical throw of the pri- 
mary air, but would have little or no effect on the 
spread at a given level. With the low sidewall out- 
lets, an increase in supply velocity, with setting 
S-1, would increase the throw; setting S-2, would 
increase the spread only; and setting S-3, would in- 
crease both the throw and spread. Thus it can be 
seen that the sidewall outlets, setting S-1 and $-3, 
would result in high temperature indices at a lower 
optimum supply velocity than with the floor dif- 
fuser. In fact, by setting S-1 with a 20 F tempera- 
ture differential, the minimum supply velocity was 
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found to be 600 fpm. Also, setting S-2 would result 
in a low temperature index and would probably be 
unacceptable for cooling at any velocity. 

Similarly, an 8 ft. baseboard outlet, setting V-1, 
was found to produce low temperature indices at 
all supply velocities. This was true because an in- 
crease in supply velocity only changed the primary 
air outline from three distinct jets to a more uni- 
form discharge and affected neither the spread nor 
the throw. In this case, it was found that to have 
satisfactory distribution the temperature differen- 
tial should be no greater than 12 F. Likewise, with 
setting V-2 it was found that the temperature index 
was lower than with the floor diffuser. However, 
acceptable distribution was obtained with a 20 F 
temperature differential when the supply velocity 
was 900 fpm or higher. 


B. Heating 

The curves in Fig. 17 show that an increase in 
velocity or flow rate improved the temperature dis- 
tribution from floor diffusers. Because the spread 
at a level near the floor remained nearly the same 
with all supply velocities, the improvement may be 
attributed to an increased induction and a reduc- 
tion in the temperature differential. With other out- 
lets of this group, although the trends would be as 


‘shown for the floor diffusers, the quantitative values 


would vary with the spread of the primary air. 

It is significant to note that excess velocities 
occurred with these outlets only when the flow rate 
was 310 cfm. This indicates that uniform velocities 
would normally result from outlets mounted in or 
near the floor with spreading vertical jets. 


22. Effects of Vane Setting 


Vane setting with the Group C outlets was im- 
portant because of the spread of primary air. Dur- 
ing the heating the spread of the primary air 
partially counteracts the cold natural currents 
down the exposed walls. This is particularly true 
with the low flow rates as is shown by comparing 
the data in Table 5 for the floor register (no spread) 
with the data in Table 6 for a floor diffuser (con- 
siderable spread). At a flow rate of 123 cfm the 
4-in. to 60-in. level temperature variation from the 
floor register was 4.5 F higher than with the floor 
diffuser. However, at a flow rate of 300 cfm the 
difference was only about one F. Therefore, the 
heating data in Fig. 18 are given for a low flow 
rate so that the difference due to outlets may be 
more pronounced. 
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The data in Fig. 18 show little difference in the 
distribution between the two baseboard outlets and 
the floor diffuser. However, the temperature varia- 
tion with the low sidewall outlet, setting S-1, was 
considerably greater than with the other outlets. 
The primary air outlines in Fig. 13 for these set- 
tings show that the spread from these outlets de- 
creased from the outlet with the lowest temperature 
variation, setting V-1, to the outlet with the highest 
temperature variation, setting S-1. The shght varia- 
tion in spread between the floor diffuser (D-1) and 
the low sidewall (S-1), as shown by the primary 
air outlines, would not indicate the large difference 
experienced in the distribution. A portion of the 
differences can be attributed to the fact that the low 
sidewall outlet mounted 8 in. above the 
floor.) In addition, there were indications that a 
small amount of spread was not too effective during 
heating, whereas, a small amount of spread af- 
fected the cooling performance. 

The cooling data presented in Fig. 18 show the 
performance of outlets with the same settings given 
for heating, but with a flow rate of 230 cfm and 
supply velocities above the minimum for each type. 
In other words, these data show the ultimate dis- 
tribution that might be obtained from these types 
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of outlets with a 20 F differential. Both the 4-in. 
to 60-in. and 4-in. to 90-in. level temperature varia-_ 
tions are given to show better the temperature dis- i 
tribution and the severity of the stagnant zone. 

In general, the order of preference of these out- — 
lets for cooling is opposite to the their order of 
preference for heating. In fact, the baseboard out- 
let, setting V-1, resulted in distribution that nor- 
mally would not be acceptable. However, accept- 
able distribution from this outlet was obtained with 
a flow rate which corresponded to a temperature 
differential of 12 F. Moreover, for any outlet m 
Group C a differential less than 20 F is recom- 
mended in order that the supply velocities may be 
lower and less critical in the selection of the outlet. 

It is important to note that excess velocities oc- 
curred with all of the outlets. In fact, it was charac- 
teristic of the cooling distribution in all cases to 
have some excess velocities whenever acceptable 
temperature distribution obtained. This is 
significant because these high velocity regions are 
also regions of temperature depressions. 

Although acceptable distribution can be obtained 
from Group C outlets during cooling, these data 
emphasize that careful consideration must be given 
to the flow rate and supply velocity. 
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Fig. 18. Effects of Vane Setting with Group C Outlets 
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23. Effects of Outlet Location 


The data in Fig. 17 show that location with 
floor diffusers has little effect on the distribution. 
However, during cooling with the corner locations 
IV, V, and VI the drop zone contained higher veloc- 
ity air with lower temperatures than resulted in the 
' drop zone from the less restricted locations such 
as II or III. During heating, the spread and induc- 
tion from the corner locations was less effective 
than from location III. Because of this the dual 
outlets at locations ITV and V produced only a slight 
improvement over a single outlet. 


a aeaeer es 3 


The floor diffuser data show that with high flow 
rates a restricted corner location should be avoided. 
However, usual applications during heating utilize 
a low flow rate and two or more outlets in a room 
of this size. Therefore, the effects of location con- 
taining several types of outlets with a total flow 
rate of only 125 cfm are shown in Fig. 19. Com- 
parison of the data from the lecation II and III 
studies with the baseboard outlet (V-2) shows the 
improvement in a perimeter location over an inside 
wall location. This improvement was not noticeable 
with higher flow rates with the floor diffuser, a 


situation which can be explained by the fact that 
the total air from the inside location effectively 
scrubbed the exposed walls with the higher flow 
rates. Thus at low flow rates where the travel of 
the total air would be limited, a perimeter location 
would be preferred with spreading vertical jets. 

The better distribution obtained from Location 
VIII can be attributed to the outlet blanketing of 
the exposed door which was a major source of heat 
loss from the room. 

With each type of outlet presented in Fig. 19 the 
distribution was improved by utilizing multiple out- 
lets rather than only one. The limited improvement 
which resulted with the three low sidewall outlets 
(S-2) at Locations VI, VII, and VIII was signifi- 
cant in that Locations VI and VII were under 
windows, and that the number of outlets which 
affect an improvement is soon reached. Thus an 
outlet at Location III blanketed the two windows 
in the north wall nearly as effectively as an outlet 
under each window. These data emphasize that it 
is not imperative that perimeter outlets with wide 
spreading jets be placed under windows. Moreover, 
because the optimum number of outlets is scon 
reached, few outlets need be utilized. 
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Fig. 19. Effects of Location with Group C Outlets During Heating 
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Data with the various low sidewall outlets at 
Location ITI-VIII show the best to worse distribu- 
tion from outlets in the order S-2, S-3, S-1. Com- 
parison of the primary air outlines from these 
outlets in Fig. 15 shows the same order of greatest 
to least horizontal spread at a low level, which 
emphasizes the importance of spread from outlets 
mounted in or near the floor. 


24. Summary of Group C Outlets 

These data have shown that the low level angle 
of spread of the primary air was an important 
factor in the distribution from outlets mounted in 
or near the floor with vertical spreading Jets. 

During cooling it was important to throw the 
cool supply air up near the ceiling and because of 
the spread, each outlet required a minimum supply 
air velocity to have an effective vertical throw. 
Consequently, with the setting S-1 outlet having 
the least spread of those studied in this group, the 
minimum satisfactory supply velocity was 600 fpm 
for a temperature differential of 20 F. With outlets 
having a greater spread, the acceptable minimum 
velocities would need be considerably higher in 
order to carry the discharge air to the desired room 


Vill. STUDIES WITH GROUP D OUTLETS 


25. General Characteristics 


Group D consisted of outlets located near the 
floor, which discharged the supply air horizontally. 
The air motion characteristics from these outlets 
are given in Fig. 20 and show that during cooling 
the cool supply and total air remain near the floor 
and create a large stagnant zone, with cooling being 
effected only below the stagnant layer. During 
heating the total air remains near the floor close to 
the outlet only a short time, after which it rises, 
resulting in very uniform temperatures. 


: 


height. The S-2 outlet, where two jets were dis- 
charged nearly horizontally, would have insufficient 
upward flow regardless of velocity. i 

Futhermore, it was found with these outlets~ 
temperature differentials of less than 20 F achieved 
by increasing the flow rate did result in more uni- 
form room temperatures. In fact, with the 8 ft base-— 
board outlet, setting V-1, a temperature differential - 
greater than 12 F created distribution problems. 

During heating it was found the distribution — 
was best when the supply air was spread consider- 
ably below the 30-in. level. Perimeter locations and 
multiple outlets were also better than inside wall 
locations or single outlets. 

In the selection of outlets mounted in or near 
the floor, it must be noted that they can be utilized 
with large temperature differentials during heating, 
and should be selected with a wide spreading pri- 
mary air pattern below the 30-in. level. 

Also durmg heating a number of outlets are 
preferred. However, they are best located in the 
perimeter and in a location where the jets are unre- 
stricted. It is not imperative that they be placed 
under windows. During cooling these outlets must 
be selected to maintain a minimum supply velocity 
for the type outlet and temperature differential. 


It is apparent from these characteristics that 
the distribution from Group D outlets would be un- 
acceptable during cooling. Also, previous studies? 
showed that the supply velocities should be low 
to avoid excess velocities in the occupied zone dur- 
ing heating. 

Furthermore, except to reduce the supply veloc- 
ity, little improvement would be accomplished by 
increasing the number of outlets. This is borne out 
by the data given in Table 7 for single and dual 
outlet locations with a horizontal discharge. 


1X. SPECIAL RESULTS OF SOME STUDIES 


| 


} 
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26. Effects of Blanketing the Exposed 
Walls During Heating 


In Fig. 5 it was shown that during heating the 
natural currents carried cold air into the stagnant 
zone below the stagnant layer. Also, with the out- 
lets mounted in or near the floor, Groups B and C, 
the data showed that the temperature variations 
above the 60-in. level were very small. The tem- 
perature variations between the 4-in. and 60-in. 
levels were due primarily to the cold air accumu- 
lating near the floor. Therefore, if the exposed walls 
were blanketed completely, no cold air would enter 
the occupied zone and the temperature variations 
within the whole room would be negligible. 

Previously the amount of wall blanketing was 
referred to the spread from an outlet. Actually 
from most outlets the effective wall coverage does 
not remain the same under all conditions of opera- 
tion, and, therefore, it is difficult to determine the 
effect of blanketing a wall. However, the baseboard 
outlet V-1 was peculiar in that, regardless of supply 
velocity or length, the throw was nearly always the 
same, and the spread was only slightly greater than 
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Fig. 20. Air Motion Characteristics of Group D Outlets 
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the length of the unit. Also, the primary air from 
these outlets “scrubbed” the wall and thus the 
studies with these outlets show the effect of blanket- 
ing the wall. 

The data in Fig. 21 were obtained from studies 
with a flow rate of 125 efm and with baseboard 
outlets V-1 which ranged in lengths from 2 ft to 
8 ft in combinations up to a total length of 22 ft. 
These data show that if all of the exposed wall 
(32 ft) were blanketed with air from outlets near 
the floor, all of the natural currents would be 
counteracted and the temperature variations in the 
whole room would be practically zero. 

In addition, the velocity index was very consist- 
ent with no excess velocities. However, with a base- 
board length of 4 ft or less, low velocities occurred 
at a larger percentage of the points, which indi- 
cated a greater degree of stagnation. A baseboard 
length of about 3 ft was previously determined as 
the transition length between the Group B and 
Group C outlets. 

These data show it is desirable to blanket as 
much of the wall as possible during heating. Pre- 
viously,” it was shown that the temperature distri- 
bution from an 8 ft baseboard was improved con- 
siderably by increasing the flow rate. However, an 
increase in flow rate also increased the room air 
velocities, causing excess velocities. 
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27. Effects of Dividing the Load Between Two Outlets 


Normally more than one outlet is utilized in a 
space the size of the experimental room. Some re- 
sults with dual and triple outlets are given in Fig. 
19 and Fig. 21. However, more often the total flow 
rate will not be evenly divided between the outlets. 
Thus the data in Fig. 22 are presented to show the 
effects of various divisions of the flow rate between 
two outlets. 

As might be expected the data show that as the 
proportion of the total flow rate was increased 
through one outlet, the distribution approached that 
which was obtained from the single outlet. Further- 
more, during heating a near equal division of flow 
rate produced the best distribution, whereas during 
cooling a single outlet produced the best dis- 
tribution. 

It must be noted that these results are with 
Group C outlets, which require that the primary 
air be thrown to a height near the ceiling during 
cooling. This situation was best obtained by utiliz- 
ing only one outlet. 

These data indicate the design of year-round 
distribution system utilizing outlets with vertical 
spreading jets might provide for fewer outlets dur- 
ing cooling. This would be done by sizing the ducts 
to certain outlets to carry a greater portion of the 
total flow rate during cooling. These ducts would 
then be oversized for heating and at this time would 
be dampered to divide more evenly the flow be- 
tween all of the outlets. Such a design would be 
particularly important when the flow rates required 
year-round are nearly equal and relatively low per 
outlet. The importance of exceeding the minimum 
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Fig. 22. Effects of Varying the Load Between Two Outlets 


supply velocity for a specific type outlet during 
cooling has been shown previously. 

It is of interest to consider the possible effects 
of dividing the flow between outlets in the other 
eroups. With the non-spreading vertical jets of the 
Group B outlets it was found that neither location 
nor number of outlets materially effected the year- 
round distribution. Therefore, the division of flow 
between outlets should not affect the distribution 
except the minimum supply velocity must be main- 
tained during cooling. 

With the horizontal discharge of supply air near 


Table 9 
Studies With the Room Divided 
Study Outlet Vane Control Supply Air Supply Flow Load Temperature Indices Velocity Indices 
Designation Size, Setting Temp, Temp, Air Rate, Ratio, Temp. Variation Temp. 15to35 Less 
(See Inches F F Velocity, efm Btu 4-in. to 4-in. to Index, fpm, than 
Glossary) fpm (hr) (F) 60-in. 90-in. fo % 15 fpm, 
Levels, Levels, % 
Deg F Deg F 
(1) (2) (3) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
C 7,6-815 14x6 $-1 E(VI) 62 274 
14x6 S-1 76 E(VIII) 61 274 148 AT 9.9 18.3 34 28 72 
14x6 $-1 77 W(VII) 62 264 fal 27 Sil. 14.4 25 36 64 
C 7-815 14x6 S-1 78 E(VIII) 60 530 143 64 1.9 10.2 41 54 46 
10x6 8-1 77 W(VII) 60 426 76 31 Sad 11.2 AL 32 68 
C 9-1115 14x6 K 75 E(IX) 57 440 150 69 0.2 0.9 91 82 7 
14x6 K 76 W(XI) 56 453 63 32 0.2 1.6 100 83 16 
H7,6-805 14x6 $-1 E(VI) 134 157 
14x6 $-1 vB, E(VIII) 135 157 41 76 8.6 9.3 25 36 64 
14x6 8-1 75 W(VII) 134 140 38 35 3.6 4.0 31 54 46 
H 7-805 14x 6 8-1 75 W(VII) 134 138 37 29 2.1 2.1 75 38 62 
14x6 §-1 74 E(VIII) 138 314 85 75 nF, 10.6 21 59 41 
H9-1115 14x 6 K 73 E(IX) 109 438 150 88 17.8 21.9 25 50 36 
4x6 K 75 W(XI) 111 504 70 38 11.4 Le-7 25 47 53 
NOTES: E refers to East half of room. 


W refers to West half of room. 
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the ceiling from the Group A outlets it was found 

that fewer outlets with non-spreading jets were 
| preferred during heating. Here again provisions 
might be made to cut off certain outlets during one 
| season, in this case during heating. 
: In conjunction with the room air motion dia- 
_grams for these groups, the data indicate that 
_ whenever an outlet normally results in a relatively 

large stagnant zone as few outlets as possible should 
| be used during that season. 


These studies, for which data are given in Table 
9, were conducted with the experimental room 
| evenly divided by a north-south partition. A floor 
| return intake located at Location II was divided 
by the partition and served both halves of the 
room. Although the two small rooms formed were 
| of equal-size, the east room had two exposed walls, 
whereas the west room had only one exposed wall. 
In addition, the east room had about twice the 
heat loss or heat gain of the west room. For each 
study the flow rate to each room was adjusted to 
~ maintain equal temperatures near the south wall at 
the 30-in. level in the two rooms. 


A. Cooling Results 


The data from the cooling studies with two low 
sidewall outlets, Setting S-1, show the distribution 
was better in the east room than the west room, 
even though the west room had only half the cool- 
ing requirements of the east room. This can be 
attributed to the higher supply velocity in the east 
room. The same effect of supply velocity is shown 
by comparing only the west room data from the 
two cooling studies, where, under conditions of 
equal supply temperature and flow rate, a change 
from a 14 by 6 to a 10 by 6 reduced the tempera- 
ture variation from 9.1 to 5.7 F. Also, in the east 
room changing from two 14 by 6 to one 14 by 6 
reduced the variation from 9.9 to 1.9 F. 

These data demonstrate the importance of supply 
velocity during cooling, and emphasize the careful 
consideration that must be given in the application 
of outlets with a spreading vertical discharge dur- 
ing cooling. 

Furthermore, in conjunction with the cooling 
studies with high sidewall outlets, Setting K, the 
data emphasize why outlets mounted in or near 
the ceiling with a horizontal discharge (Group A) 
are preferred for cooling over those in or near the 
floor with a vertical spreading jet (Group C). 


| 
| 
| 28. Studies With the Room Divided 
{ 


B. Heating Results 

The data for the low sidewall outlets, Setting 
8-1, show that the location under the one window 
in the west room effectively counteracted the natu- 
ral currents and resulted in very acceptable distri- 
bution. The slight difference in the west room 
variations between these two studies was caused 
by increased infiltration of cold air near the floor 
from the east room during the study with the larger 
temperature variations. It is not understood why 
the infiltration should have been greater during 
this study, especially since the distribution in the 
east room was better during the study. However, 
these findings emphasize that with an open door 
between two rooms the natural currents would have 
a strong tendency to equalize the temperatures be- 
tween the rooms. 

The data for the low sidewall outlets in the 
east room show that two outlets were only slightly 
more effective than a single outlet. This was par- 
tially due to the fact that the supply velocity with 
two outlets was half that with one outlet. The sup- 
ply velocity with this type outlet had a decided 
effect on the distribution. The studies show that 
this was true even though the additional outlet was 
loeated under a window. 

The data for the low and high sidewall outlets 
show that the distribution was better with a low 
load than with a high load. This is shown by com- 
paring the two-room data and the single-room data 
which showed for equal flow rate and supply veloc- 
ity that the temperature differential decreased as 
the load ratio decreased. The application of each 
outlet then must take into account the flow rate, 
supply velocity, and loading. 

The two rooms more closely approached a part 
of a residence than the single room and as such 
showed that the supply temperature was dependent 
on the total system load and flow rate. Conse- 
quently, the effects of flow rate as previously dis- 
cussed must be considered from the standpoint of 
the whole residence rather than each room. 


29. Effects of Air Distribution on the Heating 

and Cooling Requirements 

In the tables for each type of outlet the load 
ratio yields the required heating or cooling load 
in Btuh if multiplied by the indoor-outdoor tem- 
perature difference. Because of the large variations 
in load ratio it is interesting to note the effects of 
the air distribution on the required load. Some rep- 
resentative loads, load ratios, and 4-in. to 90-in. 


42 ILLINOIS ENGINEERING EXPERIMENT STATION 


temperature variations are given in Table 10 for 
comparison. 


A. Heating 

The load for the heating studies is referred to 
an outdoor temperature of 0 F, a condition which 
was normally maintained during these studies. The 
extremely high temperature variation with the ceil- 
ing outlet was accompanied by a high heating load 
requirement. Fortunately the distribution from any 
outlet can be improved by increasing the flow rate, 
and the data show that with each type of outlet the 
load ratio decreased as the distribution was im- 
proved, as indicated by more nearly uniform air 
temperature distribution. 

Although in general the load ratio from each 
type of outlet decreased as the temperature varia- 
tion decreased, the load ratio was also dependent 
on the type outlet. The data show little difference 
occurred in the load ratio between a floor register 
and a floor diffuser even though a large difference 
resulted in the temperature variation. In addition, 
the baseboard outlet shows a higher load ratio than 
the floor outlets with equal temperature variations. 
The primary air from the baseboard approached 
the wall immediately after leaving the outlet, and 
the primary air from the floor outlets was intro- 
duced some distance from the walls, so the higher 
load ratio might be attributed to the “scrubbing” 
action from the baseboard outlet. However, it 
should be noted that lower temperature variations 
accompanied the exposed wall “scrubbing,” and 
that an increase “serubbing” from two outlets re- 
duced both the temperature variations and the load. 

It should also be noted that locating the base- 
board outlet near the exposed wall (Location III) 
reduced the load over that required when the same 
outlet was located on an inside wall (Location IT). 
This can be attributed to an improved distribution 
from the perimeter location. 

In general, these studies show the type of outlet 
and conditions of operation which gave optimum 
distribution during heating also resulted in the low- 
est heating load. 


B. Cooling 

These studies were conducted with a fixed sup- 
ply to control temperature differential of 20 F, the 
flow rate of 220 cfm, and resulted in nearly equal 
load requirements (Btuh) for all arrangements. 
Thus to maintain the load it was necessary to vary 
the temperature on the exposed walls in relation 


Table 10 
Comparison of Heating and Cooling Load Requirements 
Heating Studies with Total Flow Rate of 125 cfm and 600 fpm supply velocity 


ype o' ocation Load Ratio, Load, Btuh Temp. Variation — 
Outlet Btuh/deg F For 0 F 4in. to 90 in. 
Outdoor Levels, deg F 
Temperature 
Ceiling, C-1 XXX 155 11,600 33.1 
Floor Register Ill 106 7,950 14.4 
Floor Diffuser Ill 101 7,570 9.2 
Baseboard, V-2 II 128 9,600 10.9 
Baseboard, V-2 Ill 114 8,550 8.4 
Baseboard, V-2* II-VI 102 7,650 6.6 
* Supply Velocity 300 fpm 
Cooling Studies with Total Flow Rate of 220 cfm 
Type of Location Load Ratio, Load Temp. Maximum 
Outlet Btuh/deg F Btuh Variation Supply 
4-in. to Velocity, 
90-in. pm 
Levels, 
Deg F 
Ceiling, C-1 XXX 86 3,440 0.6 494 
XXX 90 3,600 0.6 1,340 
Floor Register Ul 109 4,360 0.6 572 
Floor Diffuser Il 102 4,080 11.4 700 
Il 97 3,880 10.7 708 
Baseboard, V-2 IIL 132 5,280 4.0 1,075 
VIIT 117 4,850 6.2 1,093 
TH-VUI 106 4,240 11.3 845 
(4g total flow 
through IIT) 
IlI-VIII 83b 3,320 10.5 570 
(Flow evenly 
ivi 
III-VUL 87¢ 3,480 11.9 


(Flow evenly 
divided) 


8 For a 40 deg F indoor-outdoor temperature difference. 
b Study conducted with an indoor-outdoor temperature difference of 43 deg F. 
© Study conducted with an indoor-outdoor temperature difference of 35 deg F. 


to the distribution. For comparison under more 
normal conditions the data given in Table 10 are 
referred to a single indoor-outdoor temperature of 
40 F which corresponds to an equivalent tempera- 
ture differential of this magnitude at 6 p.m. with 
about a 96 F outdoor temperature, wall U value of 
0.25, single pane windows, and the exposed corner 
of the room facing southwest. 

Two studies with the baseboard outlets at Loca- 
tions III and VIII were purposely conducted with 
different corridor temperatures. The last study in 
Table 10 was conducted with an indoor-outdoor 
temperature difference of 35 F and the second-to- 
last study with 43 F. Although these temperature 
differences were not great, there was an indication 
that the load ratio would increase when the indoor- 
outdoor temperature difference decreases. This 
would mean that the required cooling capacity from 
this type of outlet was not directly proportional to 
the equivalent outdoor temperature. (In fact, there 
were indications that this type of outlet might have 
unloading characteristics toward the required cool- 
ing load which are analogous to those of a back- 
ward curved blade fan toward the required horse- 
power.) This can be explained by referring to the 
air motion diagrams given in Fig. 16 which show 
that a stagnant layer was formed at a high level 
in the room. As the outdoor temperature increased, 
the level of the stagnant layer lowered and the air 
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temperatures in the stagnant zone increased. This 


reduced the heat transmission at the higher levels 


and essentially the only portion of the room which 
was cooled was below the stagnant layer. Conse- 
quently, when a conditioning unit is operated by a 
controller located below the stagnant layer, a maxi- 
mum cooling capacity should be required at some 
outdoor temperature, and when this temperature is 
exceeded, increased stratification should reduce the 
required cooling capacity. From the standpoint of 
comfort an unloading characteristic might not be 
desirable because of increased stratification, but 
it would have a considerable bearing on the in- 
stalled cooling capacity or the operation of the 
cooling equipment. In fact, the distribution might 
explain why a constant control temperature may 
be maintained with undersized cooling equipment. 

Based on these data, the cooling capacity with 
the baseboard outlets varied from about 5000 Btuh 
with a single outlet to about 3400 Btuh with the 
total flow rate evenly divided between two outlets. 
The difference between these requirements is about 
1 of the maximum capacity and is a significant 
amount in sizing or operating a cooling unit. On 
the other hand, the lower temperature variation 
with the higher capacity indicates better comfort 
conditions. These data again emphasize the impor- 
tance of supply velocity during cooling. 

The baseboard data showed that the required 
load was less when the stratification was highest 
and, therefore, with the supply air introduced near 
the ceiling, it might be expected that the required 


-primary air 
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load would be greater than with a baseboard outlet. 
However, the ceiling outlet data show the reverse to 
be true. As previously explained, the drop zone with 
the ceiling outlets always occurred at least 10 in. 
from the walls. Consequently, even with what might 
be considered overblow, a “buffer area” occurred be- 
tween the walls and the drop zone. Although the 
temperatures in the room in general may be uni- 
form, high temperature air could accumulate in the 
“buffer area” and reduce the transmission heat 
gain and result in a relatively low cooling load. The 
high corridor temperatures maintained during the 
ceiling outlet studies also may account for the ap- 
parent low load requirements with these outlets. As 
previously discussed, the load ratios appeared to be 
lower with high indoor-outdoor temperatures. 

These data show that outlets in Groups A and 
B which produce optimum distribution during cool- 
ing should do so with a near minimum load re- 
quirement, even with considerable overblow as oc- 
curred during the cooling study with a supply 
velocity of 1340 fpm. In addition, Group C outlets 
with vertical spreading jets in perimeter locations 
may require a greater cooling capacity than the 
Group A outlets with horizontal jets near the ceil- 
ing. This increase can partly be attributed to the 
“serubbing” the exposed wall as evyi- 
denced by the increased load with the floor diffuser 
located near the outside wall (Location IIT) over 
the outlet located near the inside wall (Location 
II). The cooling load from the Group C outlets 
will be highest when the distribution is best. 
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